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Editorial on the Research Topic
Genomic and epigenomic applications in animal and veterinary sciences

In the last two decades, all biological and health disciplines, from virology to ecology,
have been revolutionized by genomics with the advances in sequencing technologies and
bioinformatics software development. Animal and veterinary sciences have not been an
exception; the impact of genomics, transcriptomics, proteomics, and other “omic” branches
on animal selection, breeding, nutrition, and health is evident.

Among the plethora of genomic and epigenomic papers published each year, the
proportion of publications involving non-model, domestic, or wild animals is still low.
However, the availability of annotated genomes for most domestic and economically relevant
species (Table 1 collects genome assembly information for some domestic animals) has made
it possible for animal science and veterinary researchers to turn to cutting-edge genomic
strategies to better identify genetic markers associated with productive traits, characterize
pathologic agents, associate transcriptomic information with physiological responses, and
evaluate the effect of epigenetic modifications on gene expression. Even multi-omic data
integration approaches are being applied to animal research (11).

This Research Topic, on the application of genomic and epigenomic tools in animal and
veterinary sciences, aimed at showcasing research that included genomic and epigenomic
tools to solve questions relating to animal and veterinary science. The result is a set of nine
original research papers and two review articles that explore a diverse array of applications of
genomics to animal health, reproduction, production, and response to stress and pathogens
in cattle, yak, Chinese forest musk deer, pig, rat, chicken, and carp.

Two papers focused on measuring microRNA expression in domestic animals: Wang
H. et al. evaluated the role of miR-22 in Suhuai pig skeletal muscle and identified a SNP
upstream of the miR-22 precursor sequence that correlates with pork color. The target of this
microRNA is ELOVLG, an elongase that catalyzes de novo synthesis of fatty acids, previously
linked with the regulation of muscle fiber type conversion, and that appears to be over-
expressed in white muscle. Their findings provide a basis for future research on the molecular
markers of pork color. The paper by Veshkini et al. studied circulating miRNAs in dairy
cows to assess their roles in the metabolic adaptations the cow goes through before and after
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TABLE 1 Assembly information for important domestic species genomes, organized chronologically according to the first assembly release.

Species First assembly Current reference assembly
Submitter Identifier Accession Last update
Dog, Canis lupus familiaris 2003 Kirkness et al. (1) Dogl0K_Boxer_Tasha GCA_000002285.4 2020
Chicken, Gallus gallus 2004 International Chicken Genome GRCgé6a GCA_000002315.5 2018
Sequencing Consortium (2)
Cat, Felis catus 2007 Pontius et al. (3) F.catus_Fcal26_matl.0 GCA_018350175.1 2021
Horse, Equus caballus 2007 Wade et al. (4) EquCab3.0 GCA_002863925.1 2018
Cattle, Bos taurus 2009 Bovine Genome Sequencing and ARS-UCD1.3 GCA_002263795.3 2018
Analysis Consortium (5)
Rabbit, Oryctolagus cuniculus 2009 Unpublished UM_NZW_1.0 GCA_009806435.2 2021
Pig, Sus scrofa 2009 Archibald et al. (6) Sscrofall.l GCA_000003025.6 2017
Sheep, Ovis aries 2010 Archibald et al. (7) ARS-UI_Ramb_v2.0 GCA_016772045.1 2021
Turkey, Meleagris gallopavo 2010 Dalloul et al. (8) Turkey_5.1 GCA_000146605.4 2019
Tilapia, Oreochromis niloticus 2012 Brawand et al. (9) O_niloticus_UMD_NMBU GCA_001858045.3 2018
Buffalo, Bubalus bubalis 2013 Unpublished NDDB_SH_1 GCA_019923935.1 2021
Goat, Capra hircus 2013 Bickhart et al., Unpublished ARS1.2 GCA_001704415.2 2016
Duck, Anas platyrhynchos 2013 Huang et al. (10) ZJUlL.0 GCA_015476345.1 2020

calving. According to their results, calving significantly affects
miRNA expression, disturbing signaling pathways related to
energy, metabolism, and immunity.

Three additional papers used genomic tools for association
and gene expression studies. Khan et al. genotyped TRAPPC9
and CD4 polymorphisms in Chinese Holstein cows and studied
their association with milk production and mastitis resistance.
They associated the identified SNPs with milk production, protein
content, somatic cell count, somatic cell score, and the expression
of interleukin 6 (IL-6) and interferon-gamma (IFN-y), suggesting
that polymorphisms in these genes could be useful markers
for milk production and mastitis resistance in dairy cattle.
The pioneering work by Chen et al. employed Nanopore long-
read RNA-Seq to evaluate the genome-wide allelic differential
expression in the lung and liver of domesticated cattle-yak hybrids
(known as “yattle”). The authors found that genes related to
hypoxia adaptation and immune response were predominantly
expressed from the yak alleles. In contrast, lipid metabolism
and endocrine secretion genes were expressed from the cattle
alleles. This analysis of the differential contribution of parental
alleles in hybrid animals could enhance our understanding of
the genetic basis of hybrid vigor during crossbreeding. Thirdly,
a weighted gene co-expression network analysis (WGCNA) was
applied by Wang X. et al. to identify key genes involved in
the regulation of subcutaneous adipose tissue. They identified
15 gene co-expression modules and selected 3, according to the
correlation between modules and phenotype, from which eight
hub lipid metabolism genes were identified. Their expression
levels were measured in the heart, liver, spleen, lung, kidney,
muscle, and adipose tissue. The results provide a theoretical basis
for studying beef quality by identifying hub genes that regulate
lipid metabolism.

Frontiersin Veterinary Science

A couple of papers in this Research Topic studied gene
expression in brain tissue. Baker et al. explore the pattern of
DNA methylation and gene expression in amygdala tissue from
Brahman cows exposed to prenatal stress. Although they only
found differential methylation in a few individual CpG sites and
differentially expressed in two genes, this is one of the first
studies on the impact of prenatal stress on cattle brain DNA
methylation and transcriptomic profiles. The second paper by Gao
et al. measured the protective effects of taurine in rats against
the negative effect of formaldehyde, benzene, toluene, and xylene,
which are common indoor volatile organic compounds (VOC)
and associated them with intellectual and cognitive impairment in
children. Taurine protected rats against VOC-induced cognitive-
behavioral damage and restored their learning and memory.
Therefore, suggesting that it could be a potential treatment for a
cognitive behavioral disorder.

Given the association between bacterial infection and
pneumonia and the threat, it poses to the endangered Chinese
forest musk deer (Moschus berezovskii), Tang et al. relied on
ITRAQ-based quantitative proteomics to understand pneumonia
pathogenesis in this species. Since the forest musk deer genome
is poorly annotated, the researchers used the bovine genome to
identify the proteins and found a clear dysregulation of proteins
involved in bacterial infection and immunity, in deer suffering
from pneumonia. These results shed light on the molecular
mechanisms, and pathways underlying pneumonia pathogenesis.

The paper by Xie et al. is one of the first attempts at
optimizing common carp (Cyprinus carpio) germ cell culture,
which could open new opportunities for the application of
surrogate production, a biotechnological strategy that could
be valuable in common carp breeding, the restoration and
development of lines, and the conservation of genetic resources.

frontiersin.org
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Finally, this Research Topic included two review papers: first,
Gul et al. reviewed the recent genetic basis of poultry resistance
against microbial pathogens and genomic modifications that
increase resistance against pathogens in chickens. Understanding
disease resistance genetics would enable the identification of
resistance markers and the development of disease resistance
breeds, which could reduce the dependency on vaccination and
prophylactic antibiotics in the poultry industry. The last paper
by Guo et al’s team reviews the methods and advances in cell
immortalization in livestock and poultry. Immortalized cell lines
provide a reliable tool for biological research and stable infinite
cell lines should guarantee proliferation, while maintaining normal
cell function.
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Favoring Expression of Yak Alleles in
Interspecies F1 Hybrids of Cattle and
Yak Under High-Altitude
Environments

Shi-Yi Chen™, Cao Li', Zhihao Luo 2, Xiaowei Li?, Xianbo Jia® and Song-Jia Lai’

" Farm Animal Genetic Resources Exploration and Innovation Key Laboratory of Sichuan Province, Sichuan Agricultural
University, Chengadu, China, ? Longri Breeding Farm of Sichuan Province, Hongyuan, China

Both cis- and trans-regulation could cause differential expression between the parental
alleles in diploid species that might have broad biological implications. Due to the
relatively distant genetic divergence between cattle and yak, as well as their differential
adaptation to high-altitude environments, we investigated genome-wide allelic differential
expression (ADE) in their F1 hybrids using Nanopore long-read RNA-seq technology.
From adult F1 hybrids raised in high-altitude, ten lung and liver tissues were individually
sequenced for producing 31.6M full-length transcript sequences. Mapping against
autosomal homologous regions between cattle and yak, we detected 17,744 and 14,542
protein-encoding genes expressed in lung and liver tissues, respectively. According to
the parental assignments of transcript sequences, a total of 3,381 genes were detected
to show ADE in at least one sample. There were 186 genes showing ubiquitous ADE
in all the studied animals, and among them 135 and 37 genes had consistent higher
expression of yak and cattle alleles, respectively. Functional analyses revealed that
the genes with favoring expression of yak alleles have been involved in the biological
progresses related with hypoxia adaptation and immune response. In contrast, the genes
with favoring expression of cattle alleles have been enriched into different biological
progresses, such as secretion of endocrine hormones and lipid metabolism. Our results
would support unequal contribution of parental genes to environmental adaptation in the
F1 hybrids of cattle and yak.

Keywords: allele expression, Nanopore long-read RNA-seq, transcriptome, cattle, yak

INTRODUCTION

Within the Bos genus, the two species of cattle (Bos taurus) and yak (B. grunniens) evolutionally
diverged ~4.9 million years ago (1). However, there is no reproductive barrier to hybridization
between cattle and yak regarding both reciprocal crosses, although the male F1 hybrids are sterile
that may be possibly resulting from spermatogenesis failure (2). Most modern cattle breeds have
evolved into high production performance in terms of economically important traits, whereas yak
is well adapted to high-altitude environments due to long-term adaptive evolution (3). Meanwhile,
both physiological fitness and production performance of cattle will considerably decrease when
residing above 2,500 m altitude (4). In phenotype, therefore, the interspecies F1 hybrids of cattle and
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yak have the significantly improved milk yield and growth, as well
as great physiological adaptation to high-altitude environment.
Yet, the underlying genomic basis remains poorly characterized.

For autosomal non-imprinted genes in diploid species, the
two allelic copies that are inherited from parents could be
differentially expressed, which is termed allelic differential
expression (ADE) and has broad biological implications as
an important regulatory variation (5, 6). Obviously, the most
extreme case of ADE is monoallelic expression that was observed
to be widespread (7, 8). The genome-wide landscape of ADE
in humans and diverse species (such as cattle, chicken, and
rice) have been investigated comprehensively using the large
numbers of single nucleotide polymorphisms (SNPs) obtained
by oligonucleotide array and high-throughput sequencing
technologies (8-12). The degree of genetic differentiation
between two parents would influence detection ability of allelic
expression levels in offspring. The genomic heterozygosity of F1
hybrids of cattle and yak was recently estimated to be ~1.2%,
which is higher than cross-breed hybrids of taurine and indicine
cattle (13). Therefore, the highly heterogeneous diploid genome
of F1 hybrids of cattle and yak provides us a great opportunity
to investigate ADE, especially in such case that two parents
have differential production performance and adaptation to the
local environments. Using the short reads of transcriptome
sequencing, Wang et al. (14) first reported hundreds of genes
(~5% of all analyzed genes) showing ADE in the liver and ear
tissues of F1 hybrids of cattle and yak.

Second-generation RNA sequencing technologies (i.e.,
short-read RNA-seq) have been becoming the most widely
used approach for studying gene expression (15). However,
two analytical methodological issues should be taken into
consideration when studying ADE based on short sequencing
reads. The first issue is mapping bias of short reads against
reference genome, which would lead to an over-estimation of
reference allele in relative to alternate allele (16, 17). Second,
allelic expression 1is indirectly quantified by counting the
distinguishable short reads instead of full transcript sequences,
mainly as it is difficult to accurately assemble allele-specific
transcripts (18). Recently, the long-read RNA sequencing
technologies (i.e., long-read RNA-seq) have been increasingly
used for quantifying allelic expression (19, 20). In this study,
we employed single-molecule long-read sequencing technology
from Oxford Nanopore Technologies (ONT) to investigate
global gene expression in F1 hybrids of cattle and yak. After
quantifying allelic expression based on the full transcript
sequences, the genes with ADE and the possibly involved
biological implications were analyzed. These results are expected
to improve our understanding of parental contribution to F1
hybrids of cattle and yak regarding the environmental adaptation
and production performance.

MATERIALS AND METHODS

Animals and Sample Preparation

Five adult (~5 years of age, two males and three females)
and healthy F1 hybrids of cattle and yak were randomly
included in this study (Figure1A), which had been raised

in the Longri Breeding Farm of Sichuan Province at an
altitude of ~3,000m. The five animals were individually
sequenced as biological replicates. After being slaughtered
with head-only electrical stunning, the tissue samples of lung
and liver were immediately collected and frozen in liquid
nitrogen. In parallel, the peripheral blood was collected and
used for genome sequencing. Total RNA was extracted using
RNASimple Total RNA Kit (Tiangen Biotech, Beijing, China)
following manufacturer’s instructions. RNA concentration and
RNA integrity number (RIN) were analyzed using Nanodrop
2000C (Thermo Fisher Scientific, Waltham, USA) and Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, USA),
respectively (Supplementary Table S1). Genomic DNA was
isolated using TTANamp Genomic DNA Kit (Tiangen Biotech,
Beijing, China) according to manufacturer’s instructions.

RNA and DNA Sequencing

For transcriptome sequencing, 1 pg of total RNA was used
for preparing libraries with cDNA-PCR Sequencing Kit (SQK-
PCS109, Oxford Nanopore Technologies). In brief, the full-
length ¢cDNAs were enriched using template switching activity
of reverse transcriptase. The PCR adapters were directly added
to both ends of the first-strand cDNAs. PCR amplification was
performed with 14 circles using LongAmp Tag (NEB), and
then PCR products were subjected to ONT adaptor ligation
using T4 DNA ligase (NEB). The Agencourt XP beads was used
for DNA purification according to official protocol. The final
cDNA libraries were added to FLO-MIN109 flowcells and run
on PromethION platform at Biomarker Technology Company
(Beijing, China).

For genome sequencing, the paired-end libraries with 350 bp
of insert sizes were constructed according to Illumina’s protocol
(Illumina, San Diego, CA, USA). In brief, 0.5 pg of genomic
DNA was fragmented, end-paired and ligated to adaptors,
respectively. After the P2 adapter was added, DNA fragments
were fractionated and purified by PCR amplification. Finally, the
sequencing libraries were sequenced using Illumina HiSeq2000 at
Biomarker Technology Company (Beijing, China).

Quality Controls of Sequencing Reads
Among raw long reads of transcriptome sequencing, full-length
and non-chimeric (FLNC) transcript sequences were determined
and extracted using Pychopper software with default parameters
(https://github.com/nanoporetech/pychopper). The raw short
reads of genome sequencing were subjected to quality filtering
using fastp software (21); and low-quality reads were removed
according to the three criteria: (i) containing adaptor sequences,
(ii) more than five N base, or (iii) unqualified bases (Q-value <15)
higher than 40% of total read length. After these quality controls,
the clean reads were generated.

Construction of Transcriptome

To avoid potential mapping bias when using either cattle or yak
genome sequence as reference, one pseudo genome sequence
was constructed for mapping the FLNC transcript sequences
(Figures 1B,C). First, interspecies autosomal homologous
regions were detected according to pairwise alignment of
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Maternal origin

reference genome sequences between cattle (ARS-UCD1.2)
and yak (BosGru3.0), which was performed using -asm5
module in minimap2 software (22). Herein, non-homologous
genomic regions (i.e., species-specific sequences) were excluded
from reference sequence to avoid falsely positive findings
of ADE. Second, short sequencing reads of genome were
aligned to reference sequence using BWA-MEM algorithm and
default parameters in BWA software (23). The interspecies
SNPs were called using bcftools (24) and masked to alleviate
potential mapping bias of long reads. Third, FLNC transcript
sequences were aligned to this custom reference genome

sequence using minimap2 software with parameters of
“-ax splice -p 0.9 -N 17 (22). To detect novel genes, the
obtained mapping results of FLNC transcript sequences
were compared with the known annotation information of
cattle genome.

Quantification and Allelic Differential
Expression

The expression levels of paternal and maternal alleles were
quantified on each genic locus and statistically tested regarding
their differential expressions (Figure 1D). First, the transcript
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sequence was assigned to paternal or maternal origins according
to distinguishable interspecies SNPs determined in previous
steps. When multiple SNPs with inconsistent assignments were
found in one transcript sequence, the mode rule was applied.
Furthermore, the indistinguishable transcript sequences that did
not contain any interspecies SNP were proportionally assigned
according to other known assignments. Second, the expression
levels of paternal and maternal alleles were quantified by directly
counting their respective transcript sequences, and expression
level was expressed as counts per million mapped reads (CPM).
Finally, the differential expressions of alleles were statistically
deduced using Fisher’s exact test implemented in R software
(25), and the directions of favoring expression were determined
regarding paternal and maternal origins. Here, a gene with ADE
was statistically determined as both the fold change > 2 and
P < 0.05.

Functional Analyses of Candidate Genes
For candidate genes of interest, functional enrichment analyses
were conducted using the g:GOSt function on g:Profiler web
server (26), including the target cattle datasets of Gene Ontology
(GO) terms (27) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway (28). The default parameters and methods
for adjusting for multiple hypotheses testing were used with an
adjusted 5% level of significance.

RESULTS

Reference Genome Sequence and

Interspecies SNPs

Genomic comparisons revealed that 93.92% of the autosomal
region of cattle had homologous genomic sequences in yak
(Supplementary Figure S1). According to the annotation
information of reference genomes, there were 19,163 common
protein-encoding genes located within these homologous
regions, whereas cattle and yak had 1,558 and 1,669 species-
specific genes, respectively. Genome sequencing of the five
hybrid animals generated the clean paired-end short reads
with an average depth of 15-fold coverage, from which average
19,426,851 interspecies heterozygous SNPs (+ 268,073 of
standard deviation) were found (Supplementary Table S2).
These SNPs were evenly distributed among the 29 autosomes
(Supplementary Figure S2), and about 6.5% of them were
located within the annotated exons.

Sequencing and Construction of

Transcriptome

For the ten sequenced samples of both lung and liver
tissues, a total of 36,017,234 Nanopore long reads were
initially generated, ranging from 3,237,972 to 4,091,924 per
sample (Supplementary Table S3). More than 42% of raw reads
were higher than 1Kb in length, and their average N50
length was 1,372 bp. After quality controls, average 3,157,628
FLNC transcript sequences were obtained per sample (ranging
from 2,803,438 to 3,680,467). Finally, average 98% of FLNC

transcript sequences were successfully aligned to our custom
reference genome.

There were 17,744 and 14,542 protein-encoding genes
expressed in the lung and liver tissues, respectively. The
rarefaction curve analysis revealed that the sequencing depth
was enough for discovering the expressed genes (including
the noncoding and pseudogenes, Figure 2A). After discarding
the lowly expressed genes (i.e., with >2 mapped transcript
sequences), the numbers of genes and quantified expression
levels were shown in Supplementary Table S4; and the overall
distribution of gene expression levels were comparable among
the 10 sequenced samples (Figure2B). The five biological
replications within each tissue were demonstrated according to
the pairwise Pearson correlation coefficients (Figure 2C).

Allelic Differential Expression and

Functional Analyses

After quantifying the allelic expression levels, ADE were
statistically tested for all the expressed genes in different
tissues of each animal. A total of 3,381 genes were found to
show ADE in at least one tissue of one animal (Figure 3).
Furthermore, 186 genes showed ubiquitous ADE in lung and/or
liver tissues among the five biological replications (Figure 4A
and Supplementary Table S5). Among them, 135 and 37 genes
had the consistent favoring expression of yak alleles and cattle
alleles, respectively; whereas 14 genes showed variable direction
of favoring expression between parental alleles. Meanwhile, 81
and 57 genes with ADE were specifically found in the lung and
liver tissues, respectively; and 48 genes with ADE simultaneously
observed in the two tissues.

The 135 genes that show consistent favoring expression of
yak allele among all studied animals were significantly enriched
into 28 GO terms and five KEGG pathways (Figure 4B).
Among them, ten and nine genes were involved in the GO
terms of “Oxidation-reduction process” and “Mitochondrion
organization,” respectively. Other biologically important
functions included the immune responses, change in state or
activity of a cell as a result of an oxygen-containing compound
stimulus, structural constituent of ribosome, and carbon
metabolism. By contrast, the 37 genes showing consistent
favoring expression levels of cattle allele were significantly
enriched onto 18 GO terms and one KEGG pathway (Figure 4C).
Nine and seven genes were involved in the GO terms of “Cell
surface receptor signaling pathway” and “Lipid metabolic
process,” respectively. Also, the GO terms of “Endocrine
process,” “Regulation of blood pressure” and “Blood circulation”
were suggested.

DISCUSSION

Despite the widely acknowledged contribution of gene expression
regulation to phenotypic variation, it remains difficult to
quantify allelic expression levels mainly because of analytical
methodological limitations. However, it is well-known in humans
that both cis- and trans-regulation would differentially affect the
two parental alleles and might have significant implications in
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diverse biological functions (29). Recently, the widespread and
dynamic allele-specific expression of immune-related genes were
observed among different physiological states of human T cells
(30). In farm species, the differential expression of parental alleles
have been explored for discovering genetic basis of economically
important traits, such as meat quality in cattle (31), disease
susceptibility in pigs (32), and heterosis in rice (11). Based
on the short RNA-seq reads of 18 tissues from a single cow,
Chamberlain et al. (33) reported that about 90% of genes showed
ADE in at least one tissue. In this study, we also revealed
widespread occurrence of significantly differential expression
between parental alleles in the F1 hybrids of cattle and yak.
Using the short-read RNA-seq datasets, Wang et al. (14)
reported 883 genes in liver tissues and 592 genes in ear tissues
showing significant differential expression between parental
alleles in F1 hybrids of cattle and yak; and the long noncoding
RNA, pseudo, and lowly expressed genes are more likely to show
ADE. According to the direct counting of full-length transcripts
from long-read RNA-seq, we found about 20% of the expressed
protein-encoding genes showing ADE in at least one sequenced
sample, which is higher than the former report of Wang et al.
(14); however, such difference would be likely resulted from the
different types of sequencing data and analysis methods. There

are 186 genes found to show consistent ADE among all the
studied animals, which would indicate their important biological
implications in F1 hybrids of cattle and yak. As regulatory
consequences, the tissue-specific occurrences of ADE have been
extensively reported (10, 14, 33, 34). The similar pattern was
revealed in the present study as only a small proportion of genes
were observed to be simultaneous ADE in both studied tissues.
Furthermore, we found that more genes showed ADE in lung
tissue than that in liver tissue.

Among the 186 genes showing ubiquitous ADE in all
studied animals, we found more genes consistently favoring
the expression of yak allele in comparison with cattle allele
(N = 135 vs. 37). This result is particularly interesting as it
would indicate unequal contribution between parental genes to
the F1 hybrids of cattle and yak; and the favoring expression
of yak alleles might facilitate environmental adaptation as
these animals had been raised in high-altitude environments.
Our functional analyses further revealed that these genes have
been significantly involved in the biological progresses, such as
oxidation-reduction process and mitochondrion organization,
that have been previously reported to be associated with hypoxia
adaptation and immune response in high-altitude species (35,
36). Among the candidate genes found in this study, for example,
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the cytochrome b5 type A (CYB5A) encodes membrane-bound
cytochrome and was found to be one hypoxia-sensitive protein
in rat erythrocytes (37); the UDP-glucose 6-dehydrogenase
(UGDH) gene was involved in the metabolic adaptation to
hypoxic stress in human glioblastoma cells (38). In contrast, the
genes alternatively favoring expression of cattle alleles have been
enriched into different biological progresses, such as the secretion
of endocrine hormones and lipid metabolism. For instance,

genetic associations with production traits have been reported
for the genes of fatty acid binding protein 1 (FABPI), dystrophia
myotonica protein kinase (DMPK), and proopiomelanocortin
(POMC) in Nanyang, Hanwoo, and Nellore cattle (39-42). On
the other hand, the genes with ADE, such as heat shock protein
family B member 8 (HSPBS8), transglutaminase 2 (TGM2),
and phospholipase A2 group VII (PLA2G7), have been also
found to play critical regulatory functions in development and
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maintenance of muscle tissue in Nelore cattle (31). Therefore, 94% of bovine autosome genome. Both inter- and intra-
we speculate that there would have the biological function-  species SNPs were detected and further masked from reference
dependent selection pressures regarding the favoring direction of ~ sequence, which is a common strategy for studying the allelic
ADE in the F1 hybrids of cattle and yak. However, both cis- and  expression (16, 36, 43). Instead of short-read RNA-seq datasets,
trans-regulatory variations between parental genomes should be ~ we employed long sequencing reads in this study that have
further investigated. Also, it is much interesting to investigate = been proposed to be more robust in terms of assembly of
ADE pattern when F1 hybrids of cattle and yak are alternatively ~ full-length transcripts and quantification of gene expression
raised in low altitude. (20, 44). In high-altitude species, lung and liver are the most

To reduce mapping bias of sequencing reads in the F1  important organs in maintaining respiratory and metabolism
hybrids, only homologous regions between the parental genomes  homeostasis of the entire body, which have been commonly
were used as reference sequences that account for about included for studying physiological adaptation to environments
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[e.g., (3, 14)]. Despite this, one of possible limitations of
this study is that only two tissues were analyzed, and muscle
tissue should be specifically taken into consideration in future
studies (31). Regarding candidate genes found in this study,
molecular biology experiments are also required to explore their
biological mechanisms influencing the physiological adaptation
to environments and the improved production performance for
F1 hybrids of cattle and yak.

CONCLUSIONS

In this study, we employed Nanopore long-read RNA-seq
technology to quantify genome-wide allelic expression
in interspecies F1 hybrids of cattle and yak. Our results
revealed many more genes with the favoring expression
of yak allele, which would contribute to the physiological
adaptation to high-altitude environments. Such unequal
contribution of parental alleles will also help us understand
the genetic basis of economically important traits in the
hybrid animals.
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MicroRNAs (miRNAs) are posttranscriptional regulators that play key roles in
meat color regulation. Changes in miRNA expression affect their target mRNAs,
leading to multifunctional effects on biological processes and phenotypes.
In this study, a G > A mutation site located upstream of the precursor
miR-22 sequence in Suhuai pigs was significantly correlated with the meat
color parameter a*(redness) of the porcine longissimus dorsi (LD) muscle. AA
genotype individuals had the highest average meat color a* value and the
lowest miR-22 level. When G > A mutation was performed in the miR-22
overexpression vector, miR-22 expression significantly decreased. Considering
that Ca2t homeostasis is closely related to pig meat color, our results further
demonstrated that ELOVL6 is a direct target of miR-22 in pigs. The effects
of miR-22 on skeletal muscle intracellular Ca®t+ were partially caused by the
suppression of ELOVL6 expression.

KEYWORDS

pig, meat color, miR-22, ELOVL6, intracellular calcium concentration, mutation

Introduction

MicroRNAs (miRNAs) are posttranscriptional regulators that play key roles in
meat color regulation (1). Among these, meat color has a major impact on consumer
preference and market price (2). Pig meat color is a complex quantitative trait
with low heritability, ranging from 0.14 to 0.25 (3). The International Commission
on Illumination (CIE) defined a colorimetric system that is widely used in meat
color detection (4). According to CIE, any kind of object color characteristics can
be represented by tri-stimulus values (i.e, X, Y, and Z). Through mathematical
relationship conversion, the colorimeter converts the original CIE tri-stimulus values
into understandable values, such as L* (lightness), a*(redness), and b*(yellowness).
Because meat color can only be obtained after slaughter, early breeding for meat
color is difficult. Recent advances in porcine genomics studies have applied whole-
genome sequencing (WGS) and genome-wide association study (GWAS) to improve our
understanding of the genetic regulation of pork meat quality by identifying quantitative
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trait loci (QTLs), candidate genes, and related genetic variants

associated with pork meat quality traits (5). Thus, new
tools are being developed to improve pig meat color traits
using marker-associated selection (MAS) and genome selection
(GS) approaches.

MicroRNAs are posttranscriptional regulators that play key
roles in meat color regulation. Genetic variation in miRNA
genes can alter precursor miRNA (pre-miRNA) transcription,
affecting the processing or stability of pre-miRNA and the
expression of mature miRNAs. These changes in turn affect
target mRNAs, leading to multifunctional effects on individual
phenotypes (6, 7). Genetic mutations in miR-208b and miR-
1 precursor genes are significantly associated with pig muscle
fiber characteristics and meat color traits (8, 9). The expression
of miR-499 is significantly correlated with the expression of
myoglobin, which typically reflects meat color (10). However, few
studies have explored the mechanism of miRNA involvement in
the regulation of pig meat color traits.

MiR-22 is a miRNA that plays key roles in multiple biological
processes, including tumor suppression, cancer therapy, and
the prevention of cardiac hypertrophy (11). Previous studies
have shown that miR-22 inhibits the proliferation of porcine
muscle satellite cells (PMSCs) and promotes their differentiation
(12). MiR-22 is also involved in the regulation of muscle fiber
type conversion via the inhibition of the AMPK-SIRT1-PGC-
I pathway in mouse muscle cells (13). Muscle fiber type is
associated with meat color (14), and previous studies have
demonstrated that Ca?* homeostasis affects pig meat color
(15, 16).

Through bioinformatics prediction, we discovered that
elongase of very-long-chain fatty acids 6 (ELOVL6), an elongase
that catalyzes de novo synthesis of fatty acids (17), is a
direct potential target gene of miR-22. In our previous study,
we showed that ELOVL6 is more highly expressed in white
longissimus dorsi (LD) muscle than in red soleus (SOL) muscle
(18). In ELOVL6-knockout Drosophila, the proportion of stearic
acid in mitochondria was repressed. However, when stearic
acid was added to food consumed by Drosophila, stearoylation
was promoted, which inhibited the JNK signaling pathway and
reduced the ubiquitination of mitochondrial fusion proteins,
thereby promoting mitochondrial metabolism and fusion and
maintaining its normal function (19). Dysfunction due to the
inhibition of mitochondrial fusion decreased the sensitivity of
myofibroblasts to Ca?T action (20). The ELOVL6 gene may
affect the concentration of Ca2t in muscle cells, influencing
pig meat color. However, few studies have investigated the
involvement of ELOVL6 in muscle cell Ca>* concentration.

Therefore, we hypothesized the existence of a functional
mutation site related to meat color in the precursor sequence
gene of porcine miR-22, which regulates Ca®T concentration
in porcine muscle cells by affecting the expression of miR-22.
In this study, we explored the role of miR-22 in regulating
skeletal muscle intracellular Ca?T by investigating a mutation
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site related to pork color in the miR-22 gene. Our findings will
provide a useful theoretical basis for future research on genetic
markers of pig meat color traits.

Materials and methods

Animals and phenotype measurements

All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of
Nanjing Agriculture University and approved by the Animal
Ethics Committee of Nanjing Agriculture University. A total
of 300 healthy Suhuai pigs (i.e., 194 castrated barrows and
106 sows) with the same market weight (80-90kg) and
approximately 7-8 months old were reared at the Huaiyin
Breeding Farm (Huaian, China) under the same feeding
conditions and slaughtered at Sushi Meat Products Co., Ltd.
(Huaian, China).

Ear tissues from the end of the right ear were collected and
stored in 75% alcohol for DNA extraction. Samples of the LD,
SOL, psoas major (PM), masseter (MA), and biceps femoris (BF)
muscles were collected for RNA extraction from four randomly
selected healthy Suhuai pigs with similar body weight and age.
LD muscle samples from the last rib of the carcass were collected
and used to determine meat color. In China, traditional hot fresh
meat is usually marketed immediately after slaughter, whereas
chilled fresh meat is often cooled quickly to a stable 0-4°C
within 24h postmortem and maintained at this temperature
until sold to the consumer (21). Therefore, meat color (L*a*and
b*) was measured on the last rib at 2 (room temperature) and
24h (4°C) postmortem using a chromameter (Minolta Camera
Co., Osaka, Japan).

Cell culture

Porcine muscle satellite cells were isolated as described
previously (22). LD muscles of 3-day-old healthy male piglets
were disinfected with alcohol and aseptically dissected in vitro.
Muscle samples were washed three times with phosphate-
buffered saline (PBS) (HyClone, Logan, USA) containing 1%
penicillin-streptomycin (Solarbio, Beijing, China), and the skin,
fat, and connective tissue were removed. The muscle was
crushed into meat paste and digested with 2 ml PBS containing
0.1% collagenase II at 37°C for 10min. The samples were
centrifuged three times at 500 rpm for 5min each. The cell
suspension was sequentially passed through 100 and 40 um
nylon cell filters and a 20 um mesh filter. The filtrate was
collected into a 15ml centrifuge tube and centrifuged at 1,500
rpm for 10 min, and the supernatant was discarded to obtain
the cell pellets. The pellets were washed three times with
PBS, added to a Percoll gradient solution, and centrifuged
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at 2,000 rpm for 1h. Totally, 26% of the Percoll gradient
solution was recovered, which then was cultured in growth
medium (GM) and Dulbecco’s modified Eagle medium (DMEM;
HyClone, Logan, USA) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin (Solarbio, Beijing,
China). HEK293T cells and PK15 cells were cultured in 12-well
plates in DMEM with 10% FBS and penicillin-streptomycin (50
mg/mL). All cells were incubated at 37°C under 5% CO;.

Isolation of genomic DNA and
single-nucleotide polymorphism
genotyping

Genomic DNA was isolated from ear tissue using the
standard phenol-chloroform protocol method (23). DNA
concentration and integrity were measured using a Nanodrop
2000 spectrophotometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). A 688 bp DNA fragment encompassing
porcine pre-miR-22 and its flanking sequences was amplified
by polymerase chain reaction (PCR) using pooled genomic
DNA isolated from eight randomly selected pigs. The
primer sequences (miR-22-SNP) are provided in Table 1.
Polymorphisms were sequenced by TsingKe Inc. and analyzed
using the Chromas software. The NC_010454.4:g.47913559 G
> A SNP was selected for genotyping and named according to
sequence variation nomenclature guidelines provided by the
Human Genome Variation Society. Sequences for the 300 pigs
were individually amplified and genotyped by PCR using the
miR-22-SNP primers (Table 1).

Quantitative reverse transcription PCR

TRIzol reagent was used to extract total RNA (24). Briefly,
TRIzol (Invitrogen, Waltham, MA, USA) was added to the
culture dish to lyse the cells or tissue in the tubes. Then,
0.2ml chloroform per 1ml TRIzol reagent was added, and
the samples were incubated at 15-30°C for 2-3 min. Then,
the samples were centrifuged for 15 min at 12,000x g at 4°C.
Following centrifugation, approximately 0.5ml of the aqueous
phase was transferred to a fresh tube, and 0.5ml of isopropyl
alcohol was added. Samples were incubated at 15-30°C for
10min and centrifuged at 12,000x g for 10min at 2-8°C.
The supernatant was removed, and the RNA pellet was washed
once with 75% ethanol and air-dried for 5-10 min. qRT-PCR
analyses were performed as described previously (25). Reverse
transcription of miRNA was performed using the RR014a
reverse transcription kit (Takara, Kusatsu, Japan). Differential
expression was analyzed using the 2~ 22t method (26). U6 and
GAPDH were selected as housekeeping genes for miR-22 and
protein coding genes, respectively. The primer sequences used
in these analyses are provided in Table 1.
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Plasmid construction

To the  pcDNA3.1-miR-22
vector, a fragment of the first intron containing the
NC_010454.4:g.47913559 G > A SNP and the entire second
exon of the miR-22 host gene (TLC-domain containing
2, TLCD2) was amplified and cloned into the pcDNA 3.1
plasmid, which was digested with the EcoRI and Xhol
restriction enzymes

construct expression

(Invitrogen). The primer sequences

were 5-GAATTCGGGACCAAGTCAGTTCGG-3 and
5 -CTCGAGCCAGACTTAGGCAATACAGG-3 . The
pcDNA3.1-miR-22 expression point mutant vector was

generated using the Mut Express II Fast Mutagenesis kit
(Vazyme Biotech Co., Ltd., Nanjing, China). The pcDNA3.1-
ELOVLG expression vector, ELOVL6 Psicheck-2 dual-luciferase
reporter, and ELOVL6 point mutant vectors were generated by
Tsingke (Hangzhou, China).

RNA oligonucleotides and transfection

MiR-22 mimics, miR-22 mimics NC, miR-22 inhibitor, miR-
22 inhibitor NC, small interfering RNA (siRNA) against pig
ELOVLSG, and the negative control scramble siRNA (NC) were
designed and synthesized by RiboBio (Guangzhou, China). The
primer sequences are provided in Table 2. The Lipofectamine
3000 system (Invitrogen) was used for transfection according to
the manufacturer’s instructions.

Dual-luciferase reporter assay

In 12-well plates, miR-22 or NC mimics (50 nM) were
transfected into HEK293T cells with 1 g Psicheck-2 ELOVL6
luciferase vector (wild-type or mutated) using Lipofectamine
3000. The assays were performed 24h after transfection
according to the manufacturer’s instructions

Madison, WI, USA).

(Promega,

Immunofluorescence staining

Porcine muscle satellite cells were cultured in 12-well cell
culture plates with cell slides. When cells reached 70-80%
confluence, they were washed three times with precooled PBS
for 5min and fixed with 4% paraformaldehyde for 15min.
Furthermore, the cells were permeabilized with 0.25% Triton
X-100 for 10min, blocked at 4°C overnight, and incubated
with anti-Pax7 primary antibody (Abcam, Shanghai, China)
or anti-Desmin primary antibody (Abcam, Shanghai, China)
for 1h at room temperature. Then, a fluorescent secondary
antibody (Thermo Fisher, Shanghai, China) was incubated
with the cells for 1h at room temperature. We added
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TABLE 1 The primers used for PCR in this study.

10.3389/fvets.2022.939440

Name Sequence (5'-3') Accession number

miR-22 F: CAGGAAGCTGCCAGTTGAA NR_038580.1
R: TCAACTGGTGTCGTGGAGTC

RT-loop-miR-22 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACAGTTC NR_038580.1

U6 F: GCTTCGGCAGCACATATACT XM_003357006.5
R: TTCACGAATTTGCGTGTCA

miR-22-SNP F: GGTCCACATGCTCACCTA N/A
R: CGCACGAGGACCAACTAA

GAPDH F: GATGGTGAAGGTCGGAGTG NM_001206359.1
R: CCAAGTTGTCATGGATGACC

Myhc I F: CGACACACCTGTTGAGAAG NM_213855.2
R: AGATGCGGATGCCCTCCA

Myhcllb F: GTTCTGAAGAGGGTGGTAC NM_001123141.1
R: AGATGCGGATGCCCTCCA

Myoglobin F: GGATGAGATGAAGGCCTCTG NM_214236.1
R: AACCTGGATGATGGCTTCTG

ELOVL6 F: AGCAGTTCAACGAGAACGAAGCC XM_021100707.1

R: TGCCGACCGCCAAAGATAAAG

TABLE 2 Sequence of RNA oligonucleotides.

Name Forward (5'-3')

Reverse (5'-3")

Negative control
miR-22-mimics

miR-22-inhibitor

UUCUCCGAACGUGUCACGUATAT
AAGCUGCCAGUUGAAGAACUGU

ACGUGACACGUUCGGAGAAATAT
AGUUCUUCAACUGGCAGCUUUU

CAGUUCUUCAACUGGCAGCUU

Inhibitor NC UCUACUCUUUCUAGGAGGUUGUGA
siRNA-ELOVL6 UGAACAAGCGCGCGAAGUU AACUUCGCGCGCUUGUUCA
siRNA-Negative control UUCUCCGAACGUGUCACGU ACGUGACACGUUCGGAGAA

4,,6—diamidino—Z—phenylindole (DAPI) (Invitrogen) to stain
the nuclei, and the cells were incubated for 10 min at room
temperature. A fluorescence microscope (Olympus, Tokyo,
Japan) was used to observe the samples.

Detection of intracellular calcium
concentration

The cells were washed twice with PBS and once with
D-Hank’s solution. Fura-2/AM (5uM) was added, and the
cells were incubated at 37°C for 30 min. The samples were
washed three times and incubated with D-Hank’s solution
at 37°C for 20-30min. A fluorescence spectrophotometer
with excitation wavelengths of 340 and 380nm, and an
emission wavelength of 510nm was used to measure R,
Fmax, and Fpip, respectively. The following formula was used
to calculate intracellular calcium concentration ([Ca?t]i):
[Ca?t)i=Kd[R — Rmin)/(Rmax — R)|(Fmin/Fmax),
Kd = 224 nmol/L, R is the ratio of fluorescence intensity

where

measured at excitation wavelengths of 340/380 nm, Ryax is the
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same ratio after adding Triton X-100, and Ry is the same
ratio after adding ethylene glycol tetraacetic acid (EGTA).
Fmax and Fpjn are the maximum and minimum fluorescence
intensities measured at 340 nm after adding Triton X-100 and
EGTA, respectively.

Statistical analysis

Association analysis of the SNP for meat color was
performed using the PROC GLM procedure in the SAS v9.2
software (SAS Institute Inc., Cary, NC, USA), with both sex and
SNP as fixed effects and slaughter age as a covariate (27, 28).
Kinship was not taken into account in this statistical model. The
associated genotype mean eigenvalues were compared using the
Tukey-Kramer program in SAS to detect significant differences.
All data were expressed as mean =+ standard error of the mean
(SEM). Unpaired Student’s t-tests were used to calculate P-values
using the SPSS v20.0 software (SPSS Inc., Chicago, IL, USA).
Significant differences were evaluated at a level of P < 0.05 and
highly significant differences at P < 0.01.
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FIGURE 1

different type of skeletal muscles

Expression profiling of miR-22, muscle fiber type marker genes, and myoglobin in different types of porcine muscle. (A) Expression of miR-22 in
i.e., SOL, psoas major, masseter, longissimus dorsi, and biceps femoris) in Suhuai pigs. (B) Expression of the
glycolytic type Ilb fiber marker gene Myhcllb in different muscle types. The masseter group was treated as the control group. (C) Expression of
oxidized type | fiber marker gene Myhc [ in different muscle types. The longissimus dorsi group was treated as the control group. (D) Expression
of myoglobin in different types of skeletal muscles. The biceps femoris group was treated as the control group. Capital letters indicate highly
significant differences (P < 0.01); lowercase letters indicate significant differences (P < 0.05) (n = 4).

Results

Expression profiling of miR-22 in
different porcine muscle types

To investigate the expression profile of miR-22 in various

muscle types, we performed a qRT-PCR assay. MiR-22
expression was significantly lower in the SOL, PM, and MA
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muscle than in the LD and BF muscle (P < 0.05) (Figure 1A).
Mpyhc IIb, a marker gene for fast glycolytic muscle fibers (29),
was more highly expressed in the LD and BF muscles than in
the SOL, PM, and MA muscles (Figure 1B). However, Myhc I, a
marker gene for slow oxidative muscle fibers (29), was highly
expressed in the SOL and MA muscles (Figure 1C). We also
found that myoglobin expression patterns were similar to those
of Myhc I in different muscle types (Figure 1D).
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FIGURE 2

Boxplot of meat color index values in Suhuai pigs at 2 and 24 h after slaughter, including (A) lightness (L¥), (B) redness (a*), and (C) yellowness (b*).

a* 2h a* 24h

Descriptive statistics for meat color
phenotypes

To understand the characteristics of the Suhuai pig
population, we performed descriptive statistical analysis of meat
color trait values. Mean values of meat color traits in this
group were within the normal range, although there was a
large difference between the maximum and minimum values
(Figures 2A-C). The coefficient of variation for meat color a*
reached 28.35% at 24 h postmortem (Table 3) and 25.82% at
2h postmortem (Table 3). The coefficients of variation for all
other meat color parameters were <10% (Table 3). These results
indicate that the breeding of Suhuai pig meat color should be
studied further.

Frontiersin Veterinary Science

Detection of SNP in the miR-22 gene and
association analysis of meat color traits

After sequencing the miR-22 genes of eight Suhuai pigs, we
found a G/A mutation at NC_010454.4:2.47913559 (Figure 3A)
within the 1st intron of the miR22 host gene (TLCD2), located
147 bp upstream of pre-miR-22 (Figure 3B). After sequencing
the 688 bp DNA amplicons of 300 Suhuai pigs, we found 152,
111, and 37 GG, GA, and AA genotype individuals, respectively
(Table 4). The frequency of allele G was 0.735 and that of
allele C was 0.265 (Table 4). The NC_010454.4:2.47913559 G >
A SNP was significantly associated with meat color a* at 2h
postmortem but not with other meat color parameters (Table 5).
At 2h postmortem, the AA genotype had the highest meat color
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TABLE 3 Descriptive statistics analysis of meat color traits in 300 Suhuai pigs.

Meat color N Range
L* value after slaughter 2h 300 32.52-51.05
a* value after slaughter 2h 300 2.61-9.22
b* value after slaughter 2h 300 8.28-15.67
L* value after slaughter 24 h 300 31.04-59.19
a* value after slaughter 24 h 300 2.28-19.18
b* value after slaughter 24 h 300 9.22-16.71

a* value among all genotypes, and a* was higher for the GA
genotype than for the GG genotype (Table 5).

Association between miR-22 expression
levels and the g.47913559 G > A mutation

To determine the effect of NC_010454.4: 47913559 G > A
on the expression of miR-22 in pig skeletal muscle, we randomly
selected six individuals from each genotype to detect the relative
expression of miR-22. MiR-22 expression was lowest for the
AA genotype, whereas no significant differences were detected
between the GG and GA genotypes (Figure 4A). When G > A
mutation was performed in the miR-22 overexpression vector,
miR-22 expression decreased in the AA genotype compared with
the GG genotype (Figure 4B). Together, these results suggest
that the NC_010454.4:2.47913559G > A SNP affects miR-
22 expression.

MiR-22 promotes intracellular Ca*
concentration by targeting ELOVL6 in
porcine skeletal muscle satellite cells

Isolated PMSCs adhered completely to the cell dish after
12h of isolation, and the cells were spindle-shaped (Figure 5A).
After 24h, the cells increased in number and grew in a
regular manner in one direction. These results indicated that
the PMSCs showed vigorous cell viability and normal skeletal
muscle satellite cell morphology. To further validate the isolated
cells, we performed immunofluorescence staining with the
skeletal muscle satellite cell-specific marker proteins Pax7 and
Desmin (30). Pax7 and Desmin were positive in the nucleus and
cytoplasm, respectively (Figure 5B), further demonstrating that
the isolated cells were PMSCs.

Compared with the NC, overexpression of miR-22
effectively increased the intracellular CaZt  concentration,
whereas knockdown of miR-22 reduced the intracellular Ca?*
concentration of PMSCs (Figures 5C,D). Using the TargetScan
online prediction program, we discovered that ELOVL6 was a
potential target of miR-22, with an miR-22 binding site in its
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Mean + SE CV (%) median
39.54 +0.18 7.64% 39.34
5.38 £ 0.08 25.82% 5.18
12.01 + 0.06 8.98% 12.04
44.43 +0.23 8.8% 44.2

5944 0.1 28.35% 5.85
12.51 +0.07 9.43% 12.41

3'UTR region, which is highly conserved in multiple species
(Figure 5E). Furthermore, we conducted a dual-luciferase
reporter assay to test whether ELOVLG is a real target gene of
miR-22. The predicted sequence of the ELOVL6 3'UTR was
inserted into the Renilla luciferase report vector Psicheck-2
(Figure 5E). The mutated Psicheck-2 ELOVLG luciferase vector,
which has three mutant sites in the binding site of miR-22, was
also generated. Overexpression of miR-22 significantly inhibited
luciferase activity when co-transfected with Psicheck-2 ELOVL6
luciferase vector in HEK293T cells (Figure 5F). However, no
significant changes in luciferase activity were observed when
miR-22 was co-transfected with mutated Psicheck-2 ELOVL6
luciferase vector.

The expression of ELOVL6 was significantly downregulated
after miR-22 overexpression (Figure 5G) in PMSCs. In contrast,
loss of miR-22 upregulated the mRNA expression of ELOVLG.
SiRNA-mediated knockdown of ELOVL6
intracellular Ca?>* concentration in PMSCs, and overexpressing
ELOVL6 decreased the intracellular Ca?™
(Figures 5H,I). These results suggest that miR-22 increases
the concentration of intracellular Ca>* by targeting ELOVL6
in PMSCs.

increased the

concentration

Discussion

Genetic and nutritional factors such as breed, muscle fiber
type, and feed nutrition, as well as physiological and biochemical
factors such as mitochondrial function and lipid oxidation,
regulate pig meat color by affecting the content or redox state of
myoglobin (31). In this study, we found that miR-22 expression
was significantly lower in red muscles with high proportions
of oxidative fibers such as porcine SOL, PM, and MA muscles
than in white muscles containing high proportions of glycolytic
fibers such as the LD and BF. Previous studies have also found
that porcine SOL, PM, and MA muscles are mainly composed of
oxidized type I and type IIa muscle fibers, whereas muscles such
as the LD and BF are mainly glycolytic type IIb muscle fibers
(32). Among the reported target genes of miR-22, we discovered
genes such as Sirt] and HDAC4, which promote the formation
of red muscles (33, 34). A previous study found that miR-22
eliminated the effects of resveratrol on slow MyHC and fast
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TABLE 4 Allele frequencies of the G > A substitution of miR-22 primary transcript in the Suhuai pig population.

10.3389/fvets.2022.939440

Population No. of pigs Genotypes Allele frequency
Suhuai pig 300 GG GA AA G A
152 111 37 0.735 0.265
TABLE 5 Association results for the G > A polymorphism in miR-22 transcript with meat color traits.
Genotype No. Meat color Meat color Meat color Meat color Meat color Meat color
Lrat2h arat2h bxat2h L~at24h arat24h brat24h
postmortem postmortem postmortem postmortem postmortem postmortem
GG 152 39.65 £ 0.26 5.08 & 0.12Bb 11.99 £ 0.09 5325+7.24 5.83 £0.15 12.60 & 0.10
GA 111 39.46 £ 0.29 5.57 & 12.00 & 0.10 43.66 = 8.21 6.01£0.17 1241 £0.12
0.13ABa
AA 37 38.73 £ 0.50 591 £ 0.26Aa 11.91 £0.18 43.85 £ 14.02 6.12 £ 0.28 12.37 £ 0.20
P-Value 0.2672 0.0008** 0.8933 0.6297 0.5648 0.3659
Capital letters indicate highly significant differences (P < 0.01), and lowercase letters indicate significant differences (P < 0.05).
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GG

GA

Expression levels of miR-22 are associated with g.47913559 G > A mutation. (A) Expression of miR-22 in longissimus dorsi muscle from Suhuai
pigs with different genotypes (n = 6). (B) Expression of miR-22 after transfection of the miR-22 overexpression vector and the mutated vector (n
= 3).*P < 0.05; **P < 0.01.

MyHC expression in porcine myotubes (35). Our results also
showed that myoglobin expression was higher in red muscles
than in white muscles and that the pattern was opposite to that
of miR-22 in different pig muscle types. This finding further
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suggests that miR-22 expression may be lower in muscles with

higher redness values. Therefore, further studies are needed to

explore the genes or signaling pathways related to pig meat color

regulated by miR-22.
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FIGURE 5

and 10x (bottom panel) magnification. (B) Immunofluorescence staining of satellite cell marker proteins (Pax7 and Desmin) in PMSCs. (C)
Expression of miR-22 in PMSCs after transfection of miR-22 mimics and its NC and miR-22 inhibitor and its NC. (D) Intracellular calcium
concentration was measured after PMSCs were transfected with miR-22 mimics, miR-22 mimics NC, miR-22 inhibitor, or miR-22 inhibitor NC
for 24 h. (E) Sequence of miR-22 and its predicted conserved binding region in ELOVL6 3'UTR (red). Structural diagram of the dual-luciferase
reporter vector Psicheck-2. The predicted miR-22 target site of the ELOVL6 3'UTR and mutated target site were inserted into the 3'-end of the
Renilla luciferase gene (hRluc). Firefly luciferase gene (hluc+) expression was used as the standard control. (F) HEK293T cells transfected with
miR-22 mimics or NC were co-transfected with the Psicheck-2 ELOVL6 vector or its mutated vector. Relative luciferase activity was determined
after 24 h. (G) Expression of ELOVL6 mRNA in PMSCs following transfection of miR-22 mimics, miR-22 mimics NC, miR-22 inhibitor, or miR-22
inhibitor NC. (H) Expression of ELOVL6 mRNA in PMSCs following transfection of siRNA-ELOVL6, NC, pcDNA3.1-ELOVL6, or pcDNA3.1-Control.

pcDNA3.1-Control for 24h (n = 3). *P < 0.05; **P < 0.01.

(1) Intracellular calcium concentration was measured after PMSCs were transfected with siRNA-ELOVL6, NC, pcDNA3.1-ELOVL6, or

Many studies have analyzed the association between miRNA
and economic traits in farm animals through the detection of
SNPs in miRNA genes. A T/C mutation in the miR-27a gene,
which is associated with litter size in large white pigs, may be a
potential molecular marker for litter size trait breeding (36). An
SNP on the miR-206 gene is associated with the proportions of
type Ila and IIb fibers in muscle and also with meat quality traits
including drip loss and backfat and lean meat percentages (37).
An SNP on miR-133b is significantly associated with the total
number of muscle fibers, loin eye muscle area, and pH (37). In
this study, we showed that the coefficient of variation for meat
color a* at 2 h postmortem reached 25.82%, such that the meat
redness trait has great breeding potential in Suhuai pigs.

Through sequencing, we found a G > A mutation site in
the ssc-miR-22 gene that was highly significantly correlated
with meat color a* at 2h postmortem in Suhuai pigs. AA
genotype individuals had the highest a*value and the lowest
miR-22 expression. However, GG genotype individuals had
lower a*values at 2 h postmortem than GA genotype individuals,
but there were no significant differences in miR-22 expression
between these genotypes. The G > A mutation in the miR-22
overexpression vector decreased miR-22 expression levels. Thus,
this mutation may promote the binding of transcription factors
that inhibit miR-22 expression; however, this phenomenon may
be fully effective only for AA homozygous genotype. Future
studies should further explore the mechanism underlying the
effects of this mutation on miR-22 expression.

In a previous study, we found that the ELOVL6 gene was
differentially expressed in different types of muscles in pigs (18),
which was in contrast to the expression trend observed in miR-
22 in this study. In this study, we also discovered that porcine
miR-22 targets ELOVLG to regulate the Ca>* concentrations in
PMSCs. The calcium/calmodulin kinase IT (CaMK II) gene is
a significantly enriched phosphorylation motif of ELOVL6™/~
zebrafish compared with wild-type zebrafish (38). In skeletal
muscle, CaMK II phosphorylation can stimulate intracellular
Ca®t levels. Therefore, we speculated that CaMK II may be
downstream of miR-22 or its target gene ELOVL6, where it
regulates intracellular Ca?t in PMSCs (39).

In summary, a G/A mutation in the miR-22 gene was
discovered to be associated with pig meat color a* at 2h
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postmortem, and this mutation influences miR-22 expression.
The NC_010454.4: g.47913559G > A mutation site may
act as a molecular marker for meat color in pig breeding.
In addition, ELOVL6 is a direct target of miR-22 in pigs.
The effects of miR-22 on skeletal muscle intracellular Ca?*
concentrations may be partly due to the inhibition of
ELOVLG expression.
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AgriLife Research, College Station, TX, United States, *Texas AGM Agrilife Research, Overton, TX,
United States, “Department of Computer Science, Prairie View A&GM University, Prairie View, TX,
United States

Prenatal stress can alter postnatal performance and temperament of cattle.
These phenotypic effects may result from changes in gene expression caused
by stress-induced epigenetic alterations. Specifically, shifts in gene expression
caused by DNA methylation within the brain’s amygdala can result in altered
behavior because it regulates fear, stress response and aggression in mammals
Thus, the objective of this experiment was to identify DNA methylation and
gene expression differences in the amygdala tissue of 5-year-old prenatally
stressed (PNS) Brahman cows compared to control cows. Pregnant Brahman
cows (n = 48) were transported for 2-h periods at 60 + 5, 80 + 5,100 + 5, 120 +
5, and 140 + 5days of gestation. A non-transported group (n = 48) were
controls (Control). Amygdala tissue was harvested from 6 PNS and 8 Control
cows at 5years of age. Overall methylation of gene body regions, promoter
regions, and cytosine-phosphate-guanine (CpG) islands were compared
between the two groups. In total, 202 genes, 134 promoter regions, and
133 CpG islands exhibited differential methylation (FDR < 0.15). Following
comparison of gene expression in the amygdala between the PNS and
Control cows, 2 differentially expressed genes were identified (FDR < 0.15).
The minimal differences observed could be the result of natural changes of DNA
methylation and gene expression as an animal ages, or because this degree of
transportation stress was not severe enough to cause lasting effects on the
offspring. A younger age may be a more appropriate time to assess methylation
and gene expression differences produced by prenatal stress.
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1 Introduction

The amygdala is a cell mass composed of nuclei that are
classified into three cell groups located in the temporal cortex of
the brain: 1) the basolateral amygdala; 2) cortical like cells; and 3)
centromedial cells (Yang and Wang, 2017). The cell groups have
neural connections that receive stimuli from areas of the brain
including the sensory cortex, the prefrontal cortex, and the
hippocampus. It is through those connections the amygdala
processes and influences emotions including fear, anxiety, and
stress response (Rasia-Filho et al., 2000; Davis and Whalen,
2001). Loss of amygdala function causes emotional based
memory loss and aberrant social behavior (Fine and Blair,
2000). In contrast, increased amygdala activity has been linked
to various disorders including schizophrenia and bipolar
disorder (Lawrie et al., 2003; Kalmar et al., 2009). Increased
activation of amygdala neurons can increase vigilance, anxiety,
and stress.

The amygdala is a part of the body’s system for detecting
stressful and frightening stimuli and then initiating the body’s
coping response (LeDoux, 1994). Chronic stress can cause
increased anxiety and behavior changes potentially due to
hyperexcitability of the amygdala (Rosenkranz et al, 2010).
Prenatal stress influences how the amygdala functions by
shaping the development and connectivity within it and the
tissues it communicates with (Kraszpulski et al., 2006; Scheinost
et al, 2016). Shifts in gene expression in the amygdala of
prenatally stressed offspring have been observed in mice and
sheep (Ward et al.,, 2000; Petit et al., 2015). The shifts of gene
expression in the amygdala may be responsible for the behavioral
differences observed in prenatally stressed offspring. Prenatally
stressed rhesus monkeys showed altered social behavior
including a decrease in play and an increase in clinging to
others. When alone the prenatally stressed monkeys showed
more inactivity relative to those who did not experience prenatal
stress (Clarke et al, 1996). Calves subjected to prenatal
transportation stress showed an increase in exit velocity from
a restraining chute as well as an increase in temperament score
(Littlejohn et al., 2016).

Gene expression shifts in the amygdala of prenatally stressed
animals could result from stress-induced DNA methylation
alterations. Prenatal stress in Brahman cattle resulted in
changes of DNA methylation patterns of leukocytes from 28-
day old bull and heifer calves, with differences persisting through
5 years of age (Littlejohn et al., 2018; Baker et al., 2020; Cilkiz
etal., 2021). Shifts in DNA methylation patterns have been linked
to prenatal stress and changes in temperament of the offspring
(Littlejohn et al., 2016; Gartstein and Skinner, 2018; Littlejohn
et al,, 2018). Methylation of DNA is the addition of a methyl
group to the nitrogenous bases in the DNA sequence. In
mammals, the addition of the methyl group often occurs to
the 5" carbon of the nitrogenous base cytosine (Razin and Riggs,
1980). Methylation is primarily found within Cytosine-
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Phosphate-Guanine (CpG) dinucleotides. Methylated cytosines
can lead to inhibition of gene expression, while demethylation
can promote gene expression. (Tate and Bird, 1993). The
methylome changes drastically throughout fetal development
and therefore can be influenced by maternal environment.
Methylation patterns continue to change postnatally (Salpea
et al, 2012). These stress-induced epigenetic modifications can
be transgenerational and have the potential to affect many
generations in the production system (Feeney et al., 2014;
Thompson et al., 2020).

In cattle, the amygdala tissue had the highest percent genome
wide DNA methylation relative to other tissues in the limbic
system (Cantrell et al., 2019). Considering the amygdala’s
important role in behavioral and stress response,
modifications to the DNA methylation patterns and gene
expression within the amygdala could cause phenotypic
differences in the offspring. The long-term phenotypic
changes observed in prenatally stressed livestock, including
temperament changes, can impact production, animal welfare,
and profitable traits (Lay et al., 1997; Cooke, 2014; Serviento et al.,
2020). Suckling calves that were exposed to prenatal stress were
more temperamental and have a greater serum cortisol
concentration than control calves. The early life difference in
serum cortisol concentration appears to have been sustained
cows selected for harvest at 5 years of age (Control: 29.5 + 9.8 ng/
ml; Prenatally Stressed: 40.34 + 5.2 ng/ml).

Early life alterations in DNA methylation patterns in humans
has measurable effects on behavior and is associated with
depression and anxiety (Vonderwalde, 2019). The effects of
prenatal stress on methylation and gene expression patterns in
the amygdala have been well studied in mice, but less so in
livestock species (Kundakovic and Jaric, 2017). Thus, the
objective of this study was to investigate whether prenatal
stress alters DNA methylation and gene expression in the
amygdala of 5-year-old prenatally stressed Brahman cows
relative to control cows.

2 Methods and materials

All procedures were done in compliance with the Guide for
the Care and Use of Agricultural Animals in Research and
Teaching (Federation of Animal Science Societies, 2020), and
its earlier versions, and approved by the Texas A&M AgriLife
Research Animal Care and Use Committee.

2.1 Animal procedures

Details of the experimental design and animal handling were
described in Littlejohn et al. (2016), Littlejohn et al. (2018), and
Cilkiz et al. (2021). Briefly, 96 cows were determined pregnant by
rectal palpation 45 days after the breeding date. Cows were then
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assigned randomly to groups with respect to age, parity, and
temperament assessment. The treatment group (n = 48) was
transported for a duration of 2h on 60 + 5,80 + 5,100 + 5,120 +
5, and 140 + 5days of gestation (Price et al, 2015). The
physiological and metabolic variables measured in the PNS
cows were: vaginal temperature (recorded by use of an
the
percentage of weight lost (shrink), and serum concentrations

indwelling vaginal temperature monitoring device),
of cortisol and glucose. The dams of the cows used in the present
study experienced significantly increased vaginal temperature,
shrink, and serum concentrations of cortisol and glucose in
response to the transportation events. The findings of Price
et al. (2015) reaffirmed our prior reports that transportation
constitutes a stressor for pregnant cattle and thereby could
influence post-natal development and physiology (Lay et al.,
1997; Chen et al, 2015). A group of non-transported cows
(n = 48) was maintained as a control. Both groups were
managed together under the same nutrient and environmental
conditions at the Texas A&M AgriLife Research and Extension
Center at Overton.

Twenty bull calves and 21 heifer calves were born from the
transported cows (PNS), and 26 bull and 18 heifer calves were
born to cows that had not been transported (Control). The 39
heifer calves entered a development regimen typical of cows in
the herd, which included exposure to bulls for mating at 1 year of
age and annually thereafter. Of those females remaining when the
group was 5 years old, 8 Control and 6 PNS nonpregnant cows
were slaughtered and the whole amygdala from each was
harvested and stored at —80°C.

2.2 RNA and DNA extraction

Frozen amygdala tissue samples were submitted to the Texas
A&M Institute for Genome Sciences and Society (TIGSS)
Experimental Genomics Core Laboratory for RNA sequence
analysis. The TRIzol Plus RNA Purification Kit (Thermo
Scientific, Waltham, MA) was utilized to extract purified RNA
from each amygdala sample (approximately 20 mg per sample).
Quantification of purified RNA was performed with the Qubit
RNA Fluorometric Assay Kit (Thermo Scientific) and the quality
was assessed using the RNA ScreenTape Assay (Agilent
Technologies, Santa Clara, CA, United States). The RNA was
prepared and sequenced with the HS protocol of the Illumina
TruSeq Stranded mRNA library preparation kit and mRNA
isolated with globin and ribosomal RNA depletion. Paired-end
sequencing by the NovaSeq 6000 Sequencing System Illumina
Inc.) produced raw RNA FASTQ files as the final output.

Approximately 20 mg of each amygdala tissue sample were
digested to extract DNA for methylation analysis. First, 150 pl of
sodium chloride-Tris-EDTA buffer, 25pul of Proteinase K
(20 mg/ml) and 25 ul 20% sodium dodecyl sulfate were added
to the microcentrifuge tube containing the tissue and gently
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mixed. Samples were then incubated in a 56°C water bath for 2 h,
then 20 pl of RNAse A (10 mg/ml) were added to the sample
tubes and the mixture was incubated at 37°C for 30 min. Purified
DNA was isolated from the digested amygdala tissue using the
protocol for the GeneJET Genomic DNA Purification Kit
(Thermo Scientific). Once purified, DNA was quantified with
a NanoDrop Spectrophotometer (NanoDrop Technologies,
Rockland, DE) and stored at —80°C until further analysis.

2.3 DNA methylation library preparation
and sequence alignments

Isolated DNA was submitted to Zymo Research (Irvine, CA)
for reduced representation bisulfite sequencing methylation
analysis. Input DNA was digested with 60 units of Taqal
followed by 30 units of Mspl, and then purified with DNA
Clean & ConcentratorTM-5. Purified DNA was then ligated
to adapters containing 5'-methyl-cytosine. Adapter-ligated
fragments of 150-250 bp and 250 to 350 bp were recovered
using the ZymocleanTM Gel DNA Recovery Kit. Fragments
were then bisulfite-treated using the EZ DNA Methylation-
LightningTM Kit followed by preparative-scale PCR and
purification.

Standard Illumina base calling was used to identify sequence
reads from bisulfite-treated libraries and the raw FASTQ files
were trimmed with the TrimGalore 0.6.4 software based upon
adapter content and quality. The trimmed sequences were then
aligned to the Bos taurus genome (ARS-UCD1.2) (Rosen et al.,
2020) using Bismark 0.19.0 (Babrahman Bioinformatics,
Cambridge, United Kingdom). Methylated and unmethylated
read totals at each CpG site were quantified from the aligned
binary alignment map (BAM) files using MethylDackel 0.5.0
(Zymo Research).

2.4 DNA methylation analysis

2.4.1 Feature specific

Overall methylation of defined features was compared
between the PNS and Control groups. The features analyzed
included gene bodies, promoter regions (defined as 1,000 bp
upstream to 500 bp downstream of the transcription start
site), and CpG islands. These features are CpG rich areas of
the genome that are vital to epigenetic regulation (Papin et al.,
2021). Binary alignment map files that were produced by Zymo
Research were read into the SeqMonk program (Babrahman
Bioinformatics, Cambridge, United Kingdom). Each feature type
was defined, and a bisulfite feature methylation pipeline
(SeqMonk) was applied with the requirement of the sites
within the feature to have at least 5x coverage, a threshold
utilized in other livestock methylation studies (Livernois et al.,
2021). Reduced representation bisulfite sequencing can provide
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accurate analysis at lower coverage, allowing for more biological
replicates (Ziller at al., 2015; Crary-Dooley et al., 2017). The
pipeline calculates a percentage methylation for each cytosine
within the feature and averages these to give an overall value.
After the quantification pipeline was applied, a logistic regression
was fit, and chi square tests for each feature was performed with
the contrast of Control minus PNS. Because this experiment was
a very early investigation of methylation in this tissue and species,
the false discovery rate (Benjamini and Hochberg, 1995) was
controlled at 0.15.

2.4.2 Genome wide methylation

Individual CpG sites across the genome, that is, without
regard to predefined features, were also tested. Using the
information provided by the methylation call tables the total
coverage count, percent methylation, methylated counts, and
unmethylated counts were calculated. Sites were filtered in edgeR
(Robinson et al., 2010) by requiring 5x coverage at the site in all
14 samples as well as removing sites that were always methylated
or unmethylated. A negative binomial generalized linear model
was fit to the methylation counts for each site, and a likelihood
ratio test was performed at each site using the contrast of Control
minus PNS. The false discovery rate (Benjamini and Hochberg,
1995) was controlled at 0.15. Locations in the genome of the
significant sites were identified using Ensembl BioMart tool,
Ensembl Release 104 (Howe et al., 2020). Multi-Dimensional
Scaling (MDS) analysis and plotting were conducted utilizing the
M values. The M values are the base 2 logit transformation of the
proportion of methylated to unmethylated signal at each locus.

2.5 RNA sequence analysis and differential
gene expression

Raw RNA FASTAQ files were subjected to a 3-step pipeline to
generate gene counts. The Trim Galore program (Babrahman
Bioinformatics) was used to remove any remaining adapter
content. The Spliced Transcripts Alignment to a Reference
(STAR) (Dobin et al,, 2012) program was used to first create
an index file using the ARS-UCDI1.2 genome assembly. The
trimmed reads were then aligned to the index using the
default STAR parameters which had been optimized for
alignment of mammalian genomes (Dobin et al,, 2012). The
BAM files produced by STAR were subjected to procedures of the
HTSeq program (Anders et al., 2014) to generate gene counts for
each sample.

Differential gene expression analysis was performed in edgeR
using a matrix consisting of gene counts from each sample. Genes
with no counts were filtered and the remaining counts were
normalized using the trimmed mean of M-values method.
Tagwise dispersion was calculated, and a negative binomial
generalized log-linear model was fit to the read counts for
each gene. Finally, a likelihood ratio test corresponding to
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each gene was calculated with a contrast of Control minus
PNS. The false discovery rate was controlled at 0.15
(Benjamini and Hochberg, 1995). Multi-dimensional scaling
analysis and plotting were calculated utilizing the normalized
read counts.

2.6 Cell processes and pathway
identification

Further analysis of the significant features and differentially
expressed genes was conducted with the PANTHER
Classification System 16.0 (Thomas et al., 2003) to identify
cellular processes and biological pathways corresponding to
identified genes.

3 Results and Discussion

3.1 DNA methylation

3.1.1 Feature specific-bodies

Gene bodies of 26,900 genes were assessed for methylation
status. Of those, 202 were differentially methylated between the
PNS and Control (FDR < 0.15), with 104 having increased
methylation in the PNS group and 98 having decreased
Table  S1). The
10 differentially methylated genes in amygdala tissue of

methylation  (Supplementary top
prenatally stressed mature Brahman cows relative to Control
cows are presented in Table 1. A heatmap of the mean
methylation levels of the 202 differentially methylated genes
in each sample is presented in Figure 1. Gene body
methylation can lead to a decrease in gene expression which
can then impact cellular processes (Klose and Bird, 2006).
of the PANTHER Classification System,

numerous cell processes and biological pathways, including

Through use

response to stimulus, growth, and metabolic processes, were
associated ~ with  the
(Supplementary Table S2). Dual specificity phosphatase 26
(DUSP26) is active in the oxidative stress response biological

differentially =~ methylated genes

pathway, which, in the amygdala contributes to pain response
and pain related behavior (Sagalajev et al, 2018). Another
highlighted pathway is the ubiquitin proteasome pathway,
which is involved in the formation of fear memory within the
amygdala (Jarome et al., 2011). Deviations in methylation
patterns of genes involved in these pathways could result in
altered response to fear and pain in animals.

3.1.2 Feature specific--promoter regions

A total of 134 gene promoters were identified as differentially
methylated (FDR < 0.15) in the amygdala tissue of PNS cows
when compared to the Control group. Seventy promoter regions
had increased methylation in the PNS group, and 64 had

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.949309

Baker et al.

10.3389/fgene.2022.949309

TABLE 1 Top 10 differentially methylated genes in amygdala tissue of prenatally stressed mature to Control cows.

Gene name Chr
Eukaryotic translation initiation factor 5A2 1
Homeobox D1 2
Centrosomal protein 41 4
Salvador family WW domain containing protein 1 10
Brain expressed associated with NEDD4 1 18
Translocase of outer mitochondrial membrane 40 18
58 ribosomal RNA 21
Ornithine aminotransferase 26
5.8S ribosomal RNA 27
Mitochondrial ribosomal protein L21 29

FDR Difference®
0.044 15.86
0.061 11.45
0.044 25.61
0.003 ~17.05
0.003 15.87
0.045 17.81
5.68E-18 -3.34
0.047 12.57
0.003 -1.00
0.044 29.03

“A positive (negative) difference indicates the prenatally stressed cows had decreased (increased) methylation of the gene relative to the Control cows.

INOD
8NOO
¥NOO
SNOD
9NOO
ZNOO
INOD

FIGURE 1

Control (CON).

decreased methylation (Supplementary Table S3). The top 10
(lowest FDR value) differentially methylated promoter regions
are presented in Table 2. Methylation shifts in promoter regions
of genes impact gene expression mainly by influencing the
accessibility of the promoter region to transcription factors
(Klose and Bird, 2006). One stress-related gene that had
increased methylation in its promoter region was Brain
derived mneutrophic factor (BDNF). This gene is critical for
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Heatmap showing the mean methylation of the differentially methylated (n = 202) genes in the prenatally Stressed (PNS) cows and the
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neural development and function of the amygdala. Alterations
of methylation patterns of BDNF have been associated with
increased anxiety behavior in rats and psychiatric disorders in
humans (Redlich et al., 2020). Increased methylation of BDNF
was observed in individuals that experienced early life stress
(Doherty et al, 2016; Blaze et al, 2017). Because of the
relationship between BDNF, aberrant behavior, and changes in
DNA methylation, the methylation of BDNF is considered a
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TABLE 2 Top 10 differentially methylated promoter® regions of genes
in amygdala of prenatally stressed mature Brahman cows relative
to Control cows.

Gene name Chr FDR Difference®
Oxysterol binding protein like 8 5 0.005 9.88
RNA terminal phosphate cyclase like 1 8 0.001 -13.90
Maspardin 10 0.0002 23.28
WD repeat domain 34 11 0.005 10.08
Crumbs cell polarity complex component 1 16 0.005 —-6.87
58 ribosomal RNA 21 0.003 -2.24
Dual Specificity Phosphatase 26 27 0.006 13.11
N-deacetylase and N-sulfotransferase 2 28 0.002 -14.98
Annexin A8 like 1 28 0.003 23.37
Hepatic and glial cell adhesion molecule 29 0.002 14.75

“Promoter regions were defined as 1,000 base pairs upstream and 500 base pairs
downstream from the transcription start site of the gene.

PA positive (negative) difference indicates the prenatally stressed cows had decreased
(increased) methylation of the promoter region relative to control cows.

TABLE 3 Top 10 differentially methylated CpG Islands® in amygdala
tissue of prenatally stressed mature Brahman cows relative to
Control cows.

Chr Start End FDR Difference®
4 94192085 94192593 0.040 26.19
7 106955324 106955725 0.058 -35.11
10 43554822 43555817 0018 -18.35
16 47324909 47326146 0.058 -16.63
18 34194169 34195605 0.003 15.87
19 49916310 49917178 0.058 20.85
20 71009252 71009654 0.058 30.51
21 33001944 33003266 6.99¢-18 -334
21 33023989 33026059 0.002 236
29 42549665 42551050 0.002 14.03

“Cytosine-Phosphate-Guanine rich locations within the genome.
PA positive (negative) difference indicates the prenatally stressed cows had decreased
(increased) methylation of the promoter region relative to control cows.

potential biomarker for early life stress in mammals (Kundakovic
et al, 2015). Changes in methylation of this gene could be
responsible for the temperament differences that have been
observed in prenatally stressed livestock. The stressed group
also had decreased methylation of the promoter region of
synapse 1 (SYNI). This gene has a role in synaptic function in
the amygdala. Male mice who were exposed to early life stress
showed an increase in synapse formation and altered synaptic
responses (Guadagno et al., 2020). Shifts in gene expression of
SYNI because of methylation changes could result in altered
brain plasticity in the prenatally stress cows. Rats subjected to
early maternal separation exhibited increased methylation of
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SYNI (Park et al, 2014) which is contrary to our results of
decreased methylation was reported.

3.1.3 Feature specific--CpG islands

Islands of CpG are often located in promoters of genes, are
typically resistant to DNA methylation, and are rarely found in
tissue specific genes (Bird, 1986). Because of this it is
hypothesized that these regions are in genes that are regularly
used in cell function and do not need to be repressed (Bird, 1986).
In total 22,188 CpG islands were tested and 133 (FDR < 0.15)
were differentially methylated; 77 had increased methylation in
the PNS cows and 56 had decreased methylation (Supplementary
Table S4). Table 3 has the locations of the top 10 (lowest FDR
values) differentially methylated CpG islands identified. A CpG
island located within BDNF also had increased methylation in the
PNS while a CpG island located within the defined promoter
region of SYNI had decreased methylation. The decrease in
methylation of the CpG island within SYNI is consistent with
what has been reported in aging mice, where decreased
methylation of CpG islands within the promoter region
coincides with an increase in expression of this gene
(Haberman et al, 2012). A CpG island with decreased
methylation was located within Nuclear receptor corepressor 2
(NCOR2), which is involved in amygdala development and
anxiety behavior (Jessen et al, 2010). The influence of DNA
methylation on gene expression of NCOR?2 is relatively unknown,
but the location of a CpG island in the regulatory region of the
gene suggests the possibility of epigenetic control.

3.1.4 Genome wide methylation

Minimal methylation differences of gene bodies, promoter
regions and CpG islands were observed in amygdala tissue
between PNS and Control cows at 5years of age when
methylation across the genome was considered in its entirety.
Of the genome wide CpG sites, 63,255 sites passed filtering. Only
29 of those sites (Supplementary Table S5) were differentially
methylated between the Control and PNS (FDR < 0.15). The
significant sites were only 0.046% of the sites tested, indicating that
substantial differences in global CpG methylation were not
observed between the PNS and Control groups. Visualization of
the lack of distinction between treatments is shown in the MDS
plot (Figure 2). No distinct grouping of PNS and Control samples
occurred and many of the samples from the two treatments were
closely positioned. The proximity of the samples to each other in
the MDS plot reflects the minimal differences in methylation
between groups when evaluated globally. These results differ
from analysis of DNA methylation of leukocytes in prenatally
stressed Brahman bulls and heifers at 28 days of age which revealed
vast differences relative to the Control, some of which were
identified in the heifer calves (the cows in this study) and were
found in leukocytes 5 years later (Littlejohn et al., 2018; Baker et al.,,
2020; Cilkiz et al., 2021).
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FIGURE 2

Multidimensional scaling plot utilizing the base 2 logit transformation of the proportion of methylated signal at each locus to plot distances
between methylation profiles (M-Values) of amygdala tissue of 5-year-old prenatally stressed (PNS) Brahman cows relative to control cows.

Changes in the epigenetic landscape continue postnatally,
with evident differences observed in saliva samples from infants
from 6 to 52 weeks of age (Wikenius et al., 2019). In humans, a
general trend of demethylation is observed with aging, but some
sites that have low methylation at a young age do increase in
methylation over time (Wilson et al., 1987; Jones et al., 2015).
Differences in methylation caused by the prenatal stress could be
present at an early age in cattle but diminish over time. However,
severe prenatal stress (i.e., famine and extreme weather) led to
lasting DNA methylation changes that were transgenerational
(Heijmans et al., 2008; Cao-Lei et al., 2014). The severity of
prenatal stress can result in very different outcomes of changes in
methylation patterns in the brain (Mychasiuk et al, 2011).
Transportation stress during mid to late gestation might not
be a severe enough stress to cause enduring epigenetic changes in
amygdala tissue in cattle that persist throughout life.

3.2 Gene expression

From expression analyses, 22,867 genes remained after filtering.
Even in the context of a permissive FDR (<0.15), only two genes
were differentially expressed in the amygdala of the PNS cows
compared to the Controls. The Solute carrier family 28 member 3
(SLC28A3) had decreased expression in the PNS cows relative to the
Control, while the Fc fragment of IgG receptor Ila (FCGR2A) had
increased expression. Fc fragment of IgG receptor Ila has an
essential role in protecting the body from foreign antigens (Hibbs
et al., 1988). Deletion of FCGR2A inhibited the invasion of glimoa
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cells into the brain suggesting the gene product is important for
transportation across the blood brain barrier. Members of the solute
carrier family are active in the brain, aiding in the transport of
hormones, sugars, and amino acids; however, the role of SLC28A3 in
the brain and stress response has not been documented (Hu et al.,
2020). The lack of differences is illustrated by the MDS plot
(Figure 3) which shows no distinct clustering and some overlap
of individual samples from the two groups. There were no
methylation differences within the promoter region or gene body
of these two differentially expressed genes.

Prenatally stressed Brahman cows had only slight differences
in gene expression relative to Controls at 5 years of age. In
contrast, in rats, prenatal stress has caused gene expression
disturbances in the brain that persisted into adulthood
(Fumagalli et al., 2005; Baier et al., 2015). Similar to the DNA
methylation results, the timing and severity of a prenatal stressor
can dictate the effect on gene expression. Maternal nutrient
restriction in cattle has resulted in varying gene expression
changes in the offspring depending on timing of restriction
during gestation and the tissue analyzed (Mohrhauser et al.,
2015; Sanglard et al., 2018). The stress caused by transportation
during mid to late gestation may be insufficient to influence gene
expression in the offspring. Expression of genes at the proper
level is complex, regulated by many different factors, and varies
with aging (Berchtold et al, 2008). Corrections may have
occurred over time to compensate for aberrant gene
expression caused by prenatal stress.

This is this first study to incorporate the effect of prenatal
stress on DNA methylation and gene expression in the amygdala
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FIGURE 3

Multidimensional scaling plot utilizing normalized read counts to plot distances between expression profiles of amygdala tissue of 5-year-old

prenatally stressed (PNS) Brahman cows relative to Control cows.

of cattle. Overall methylation of important genes and promoter
regions were significantly different between the PNS and Control
groups. While gene expression analysis resulted in only two
significant genes, the two genes are involved in essential
biological functions. These novel results provide a foundation
for future research on how prenatal stress effects the amygdala in
cattle.

4 Conclusion

Gene expression and DNA methylation comparison of
amygdala tissue from mature Brahman cows that were
prenatally stressed relative to non-stressed mature Control
cows revealed minimal differences between the groups. A
small number of individual CpG sites and a low proportion of
genes, promoters and CpG islands were differentially methylated.
Two genes were differentially expressed in amygdala tissue when
PNS and Control groups were compared. Methylation controls
gene expression of many genes; however, no overlap between
differentially methylated genes and differentially expressed genes
was observed. Since both DNA methylation and gene expression
are complex mechanisms that shift and adapt over time, it is
feasible that any differences that were caused by the prenatal
stress are no longer present at 5 years of age. The timing and
severity of the stressor may also be a major influence on the
extent of the alterations. Therefore, prenatal transportation stress
during mid to late gestation may not be significant enough to
cause lasting effects. Increasing the severity of the transportation
stress, such as transport for an extended period and over poorer
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quality of roadways could potentially result in lasting effects.
Also, further investigation is needed to determine if there are
differences present at younger ages, which could cause expression
changes during important postnatal developmental periods.
However, much of the current knowledge of the effects of
prenatal stress on methylation is from model organisms; thus,
the novel information and candidate regions and genes reported
are valuable for understanding the effects stress induced
epigenetic modifications have on livestock.
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Investigating circulating miRNA
In transition dairy cows: What
mMiRNAomics tells about
metabolic adaptation

Arash Veshkini??, Harald Michael Hammon?, Barbara Lazzari®,
Laura Vogel?, Martina Gnott?, Arnulf Tréscher?,

Vera Vendramin®, Hassan Sadri’, Helga Sauerwein® and
Fabrizio Ceciliani**

!Institute of Animal Science, Physiology Unit, University of Bonn, Bonn, Germany, ?Research Institute
for Farm Animal Biology (FBN), Dummerstorf, Germany, *Department of Veterinary Medicine,
Universita degli Studi di Milano, Lodi, Italy, “Institute of Agricultural Biology and Biotechnology of the
CNR, Milan, Italy, °BASF SE, Lampertheim, Germany, °IGA Technology Services, Udine, Italy,
’Department of Clinical Science, Faculty of Veterinary Medicine, University of Tabriz, Tabriz, Iran

In the current study, we investigated dairy cows’ circulating microRNA (miRNA)
expression signature during several key time points around calving, to get
insights into different aspects of metabolic adaptation. In a trial with 32 dairy
cows, plasma samples were collected on days —-21, 1, 28, and 63 relative to
calving. Individually extracted total RNA was subjected to RNA sequencing using
NovaSeq 6,000 (Illumina, CA) on the respective platform of IGA Technology
Services, Udine, Italy. MiRDeep2 was used to identify known and novel miRNA
according to the miRbase collection. Differentially expressed miRNA (DEM)
were assessed at a threshold of fold-change > 1.5 and false discovery rate <
0.05 using the edgeR package. The MiRWalk database was used to predict DEM
targets and their associated KEGG pathways. Among a total of 1,692 identified
mMiRNA, 445 known miRNA were included for statistical analysis, of which 84, 59,
and 61 DEM were found between days -21 to 1, 1 to 28, and 28 to 63,
respectively. These miRNA were annotated to KEGG pathways targeting the
insulin, MAPK, Ras, Wnt, Hippo, sphingolipid, T cell receptor, and mTOR
signaling pathways. MIRNA-mRNA network analysis identified miRNA as
master regulators of the biological process including miR-138, miR-149-5p,
mMiR-2466-3p, MmiR-214, miR-504, and miR-6523a. This study provided new
insights into the miRNA signatures of transition to the lactation period. Calving
emerged as a critical time point when miRNA were most affected, while the
following period appeared to be recovering from massive parturition changes.
The primarily affected pathways were key signaling pathways related to
establishing metabolic and immune adaptations.

KEYWORDS

miRNA, post-calving, systemic inflammation, negative energy balance,
posttranscriptional regulation, immune-related pathways
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Introduction

In dairy cows, the transition from pregnancy into lactation
often coincides with metabolic stress associated with a negative
energy balance (NEB), a result of an imbalance between feed
intake and milk production (Drackley, 1999). Several factors such
as excessive fat mobilization, impaired liver function, and
systemic inflammation during this period may lead to
metabolic disorders and also economic losses (Wankhade
et al., 2017). Nevertheless, most dairy cows can adapt and
maintain their internal organization to deal with transition
period challenges, which require an orchestrated array of
regulatory mechanisms at the hormonal, metabolic, and
immunological levels (Horst et al., 2021).

MicroRNAs (miRNA) are evolutionary conserved small
17-24 RNA
molecules involved in the post-transcriptional regulation of

non-coding  (approximately nucleotides)
most protein-coding mRNA, including degradation and
translational repression (O’Brien et al.,, 2018). Since miRNA
are involved in almost all metabolic pathways, including energy
metabolism, lipid metabolism, insulin sensitivity, and glucose
homeostasis (Lin et al., 2020), it is not surprising that their
function is crucial during the transition period. As tissue-
specific miRNA can enter the circulation system (Barutta
et al., 2018) embedded into stable structures such as
exosomes and lipoproteins (Condrat et al, 2020), plasma
and other body fluids may carry signatures related to the
pathophysiological status. Various physiological conditions
including heat stress (Lee et al., 2020), different levels of
NEB (Hailay et al, 2019), and over-conditioning in dairy
cows (Webb et al.,, 2020), induce changes to the circulating
miRNA pattern. In particular, the stage of lactation and
transition period affect the miRNA profile. In this regard,
the microRNAome of dairy cows’ dry secretions during the
first 3 weeks of the dry period revealed differentially expressed
miRNA related to reproduction and embryo development (i.e.
bta-miR-130b and bta-miR-106a), lactation (i.e. bta-miR-29a,
bta-miR-21-3p, bta-miR-130a), as well as inflammation and
disease (bta-let-7 family) (Putz et al., 2019).

Markers of the metabolic adaptation during the transition
period have been characterized in dairy cows by univariate
analyses  and, OMICs
technologies (Ceciliani et al., 2018). On the other hand, the
post-transcriptional regulation of gene expression has received
relatively little attention in this context (Webb et al., 2020).
Despite the progress in identifying the origin and the function

increasingly, via  multivariate

of miRNA and developing databases, further knowledge of
circulating miRNA in dairy cows is still lacking. We,
therefore, aimed to characterize the longitudinal changes of
the circulating miRNAome profile in dairy cows during the
transition period using next-generation sequencing (NGS) and
bioinformatics analysis.
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Material and methods
Experimental design

The samples used herein were from an animal experiment
described in detail by Vogel (Vogel et al, 2020), performed
according to the animal welfare guidelines, and approved by
the local authority, ie. the State Mecklenburg-Western
Pomerania, Germany (LALLF M-V/TSD/7221.3-1-038/15). In
brief, 32 Holstein dairy cows in their second lactation and
without clinical signs of disease were housed in free-stall
barns with ad libitum access to a corn silage-based total

mixed  ration (TMR), formulated according to
recommendations provided by the Society for Nutrition
Physiology (GIE, 2001 (GIE, Gesellschaft fur
Erndhrungsphysiologie ~ (German  Society of Nutrition
Physiology), 2001), 2008 (GHE, Gesellschaft fir
Erndhrungsphysiologie ~ (German  Society of Nutrition
Physiology), 2008), 2009 (GfE, Gesellschaft fiir
Erndhrungsphysiologie ~ (German  Society of Nutrition
Physiology), 2009)) and Deutsche Landwirtschaftliche

Gesellschaft (DLG, 2013) (DLG (Deutsche Landwirtschafts-
Gesellschaft and German Agricultural Society), 2013), from
day 63 ante-partum (AP) to day 63 post-partum (PP). The
dairy cows were randomly assigned to one of four treatment
groups receiving different fat supplements as abomasal infusion:
CTRL (n = 8; coconut oil, Bio-Kokosol #665, Kriauterhaus Sanct
Bernhard, KG, Bad Ditzenbach, Germany; 38 and 76 g/d in AP
and PP), Essential fatty acids (EFA, n = 8, a combination of
linseed oil (DERBY® Leinol  #4026921003087, DERBY
Spezialfutter GmbH, Miinster, Germany; 39 and 78 g/d in AP
and PP), (GEFRO Distelol, GEFRO
Reformversand Frommlet KG, Memmingen, Germany; 2 and
4g/d in AP and PP), conjugated linoleic acid (CLA, n = 8,
Lutalin®; cis-9, trans-11, 10 g/d trans- 10, cis-12 CLA, BASF SE,
Lampertheim, Germany; 19 and 38 g/d in AP and PP), and EFA
+ CLA, a combination of linseed oil, safflower oil and Lutalin”
from day 63 AP to day 63 PP (Figure 1). The ingredients and the
chemical composition of the basal diet were reported elsewhere

and safflower oil

(Vogel et al.,, 2020). The present investigation was focused on
longitudinal changes only.

Blood sampling

Four blood samples were collected from each cow on days
-21, 1, 28, and 63 relative to calving (Figure 1), immediately after
the morning milking and before feeding, using the Vacuette
system (Greiner Bio-One International GmbH, Kremsmiinster,
Austria) 1.8 g potassium-EDTA (K3EDTA)/L.
Samples were immediately cooled on ice and transferred to

containing

the lab within 2h of collection. The plasma fraction was
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FIGURE 1

Schematic representation of (A) the animal experimental design and sampling time points, consisting of four groups CTRL: control (n = 8), EFA:
essential fatty acids (n = 8), CLA: conjugated linoleic acid (n = 8), and EFA + CLA (n = 8), and four plasma sampling (days —21, +1, +28, and +63 relative
to parturition). The focus of this study is primarily on time comparisons since the effect of treatments was negligible (B) Sequencing analysis and
bioinformatics. CTRL: control, EFA: essential fatty acids, CLA: conjugated linoleic acid.

harvested after centrifugation at 1,500 x g (4°C) for 20 min and
stored at —80°C until analysis.

Isolation of total RNA

Total RNA was extracted from 128 plasma samples using the
QIAGEN miRNeasy serum/plasma kit (Qiagen GmbH, Hilden,
Germany) according to the manufacturer protocol. The
miRNeasy Serum/Plasma Spike-In Control (lyophilized C.
elegans miR-39 miRNA) was used to verify extraction quality
and normalize TagMan qPCR results. The RNA yield and purity
were assessed using an Agilent Small RNA kit on a
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
United States). In samples with low miRNA concentration
(<100 pg/ul), the isolation procedure was repeated using the
double initial plasma volume (400 ul).

Library preparation and next-generation
sequencing

The QIAseq miRNA library kit (QIAGEN, Hilden,
Germany) was used for library preparation following the
manufacturer’s serum/plasma samples instructions. Final
libraries were checked with Qubit 2.0 Fluorometer (Invitrogen,

Carlsbad, CA) and Caliper (PerkinElmer, Waltham, MA).
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Afterward, libraries were sequenced on single-end 100 bp
mode on the NovaSeq 6,000 (Illumina, San Diego, CA) on
IGA Technology Services platform, Udine, Italy (https://
igatechnology.com/).

Raw-sequencing data was checked for quality (format
conversion to FASTQ, demultiplexing, adapter trimming, and
UMI removal) using the Illumina Bcl2fastq2 Conversion
Software (version 2.20). A summary of nucleotide sequence
data, including FastQC merge reads produced for each
sample, sequence quality histograms, per sequence quality
scores, per base sequence content, per sequence GC content,
per base N content, sequence length distribution, alignment-free
estimation of sequences duplication levels, overrepresented
sequences, adapter content (multiQC file, version 1.6) is
available in the ArrayExpress database (http://www.ebi.ac.uk/
arrayexpress) under the “ArrayExpress accession E-MTAB-
117257,

Sequence analysis

Detected sequences were analyzed with the miRDeep2
(miRDeep2.pl) software package (version 2.0.0.5) (Friedlander,
Mackowiak, Li, Chen, Rajewsky) to detect known miRNA and
predict putative novel miRNA. MiRDeep2 was fed with the Bos
taurus miRNA collection available at miRBase (www.mirbase.org
(Kozomara et al., 2019)) for known cow miRNA detection. In
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contrast, the miRBase human, ovine, and goat miRNA datasets
were added to support the identification of novel miRNA. Read
counts for each known and novel miRNA were compiled using
HTSeq-count (Putri et al., 2022).

Statistical analysis and bioinformatics

The quantified counts were normalized using the TMM
method via the edgeR (version 3.12.0) package in R software
(Version 4.0). Only miRNA with at least one count per million
over at least two samples were considered for the analysis. After
normalization, differentially expressed miRNA (DEM) during
time were identified by performing generalized linear model
(GLM) likelihood ratio tests (gImLRT) using the GLM
approach in edgeR to deal with the time series paired effects.
Between each two consecutive time points, miRNA with an
FDR <0.05 and log2 (FC) > 1.3 were considered as DEM, and
visualised by Volcano plot according to their expression
(EnhancedVolcano R package). DEM between treatment
groups were identified at each time point using the same
criterion (FDR <0.05 and log2 (FC) > 1.3). The miRWalk
database (2022_01,
heidelberg.de/) was wused to compile consensus lists of

Bos Taurus, http://mirwalk.umm.uni-
predicted miRNA targets and to perform gene ontology and
KEGG functional enrichment analysis. Network analysis was
performed and visualized (yFiles Tree layout) using the
combination of miRNet (version 2.0) web-based platform,
StringApp, and Centiscape 2.2 in Cytoscape software (version
3.9) (Figure 1). The networks were filtered by two well-
established criteria: degree centrality (number of connections
with the other nodes) and betweenness centrality (the number of
shortest paths connecting the node). The network has been
constructed, visualized, and analyzed using the combination of
miRanda, miRNet, and Cytoscape. The miRanda database was
replaced with the miRWalk database to filter the number of target
genes. As yet there is no possibility for target filtration in
miRWalk based on Targetscan (http://www.targetscan.org/
vert_80/), miRtarbase (https://mirtarbase.cuhk.edu.cn/
~miRTarBase/miRTarBase_2022/php/index.php), and mirdb
(http://mirdb.org/faq.html) for dairy cows.

Results

In total, 183,772,507 cleaned reads were processed and
mapped to the bovine reference genome; in detail, 51,086,403,
46,288,086, 44,508,614, and 41,889,404 reads were processed at
days -21, 1, 28, and 63, respectively. From these sequences,
846 miRNA were matched to previously known mature
bovine miRNA (equal to 846/1025 = 82.5% of total identified
miRNA in cattle until January 2021 (Do et al., 2021), and 846/
6808 = 12.42% total theoretical number available in the RumimiR
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2022 database, addition,
1,274 novel miRNA hairpins were identified, including

http://rumimir.sigenae.org/). In
836 completely novel bovine miRNA (named according to
their absolute genomic position), 374 miRNA similar to
known Homo sapiens miRNA (has-miR), 58 similar to Capra
hircus known miRNA (ch-miR), and six similar to Ovis aries
known miRNA (oar-miR) (Supplementary Table S1). The
statistical and functional enrichment analyses were limited to
445 cleaned known miRNA with ten counts or more in at least
50% of samples (Supplementary Table S2). Figure 2 represents
the 25 miRNA with the highest mean reads (ranging from 2.
1x10° to 7 x 10°) across all samples and time points (sorted by
time point). Oil treatments had negligible minor effects on
miRNA profile and only one miRNA, bta-miR-1 (log2 (FC) =
-5.65, FDR <0.001), was found to be differentially expressed
between the CTRL and the CLA group at day -21 AP. There was
no other difference in miRNA expression between CTRL, EFA,
CLA, and EFA + CLA at days -21, 1, 28, and 63, respectively
(Supplementary Table S3). Therefore, data from all four
treatment groups were merged to study time-affected miRNA
(regardless of the treatment effect).

Differentially expressed miRNA over time

Figure 3 shows the multidimensional scaling (MDS) plot of
the individual miRNA profiles obtained on the different
sampling days. Using a two-dimensional scatterplot, the
distances between samples were approximated by their
expression differences. The analysis differentiates the AP (day
-21) and PP (days 1, 28, and 63) periods as two well-separated
clusters, suggesting that most of the variance in the miRNAome
data resulted from the transition to lactation. Even if PP time
points partially overlap, clustering according to lactation periods
is observable.

Differentially expressed miRNA during the
transition from day -21 to +1 relative to
parturition

Comparing day -21 to 1, 84 miRNA were differentially
expressed (log2 (FC) > 1.3, g-value < 0.05), including
14 downregulated and 70 upregulated miRNA (Figure 4A).
The most significantly downregulated miRNA was bta-miR-1
(log2 (FC) = -3.62, q-value < 0.001), and the most significantly
upregulated was bta-miR-143 (log2 (FC) = 2.5, q-value < 0.001).
Using the miRWalk cow database, 25,224 genes were targeted by
the downregulated miRNA. These targeted genes were annotated
to 29 KEGG pathways (adjusted p-value (FDR) < 0.05), mainly
related to (insulin = signaling pathway
bta04910 bta04931)
communication and signaling pathways (mitogen-activated

insulin pathways

and insulin resistance and cell
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FIGURE 2
The top 25 miRNAs (by mean counts (million) per time point) in circulation during days —21, 1, 28, and 63 relative to parturition. Different colors
correspond to different time points.
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Multidimensional scaling (MDS) plot indicates samples (individual sequencing) separation during days -21, 1, 28, and 63 relative to parturition.
Different colors correspond to different time points.
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(A). Volcano plot representing differentially expressed miRNA (DEM) between day -21 and +1 relative to parturition (day +1/-21); increased (red
dots) and decreased (green dots) miRNA in d+1/d-21 are highlighted (p < 0.05 and log2 fold change (FC) > 1.3). (B). KEGG pathways annotated to
DEM; Bars indicate proportional to the false discovery rate (FDR) adjusted p-value, and the box on each bar represents the gene counts (GC).
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protein kinase (MAPK) signaling pathway bta04010, rat sarcoma
(Ras) signaling pathway bta04014, mammalian telomere-binding
protein (Rapl) signaling pathway bta04015, endocytosis
bta04144, Wnt signaling pathway bta04310, Hippo signaling
pathway bta04390, adherens junction bta04520, tight junction
bta04530, the mammalian target of rapamycin or mTOR
signaling pathway bta04150, sphingolipid signaling pathway
bta04071, and T cell receptor (TCR) signaling pathway
bta04660) (Figure 4B). The upregulated miRNA predicted
targets (50,782 genes)
(Figure 4B), including the Ras/MAPK pathway, Hippo

signaling pathway, and Wnt signaling pathway. Repetition of

were annotated to nine KEGG

pathways indicates that a pathway is affected by up and

downregulated target genes through possible feedback

mechanisms.

Differentially expressed miRNA between
days +1 and +28 of lactation

On day 28, compared with day 1, the relative expression was
decreased for 35 miRNA and increased for 24 miRNA
(Figure 5A). The most significantly downregulated miRNA
was bta-miR-187 (log2 (FC) = -2.27, g-value < 0.001), and
the most significantly upregulated was bta-miR-1 (log2 (FC) =
6.28, g-value < 0.001). A number of 47,968 genes were predicted
as the target of downregulated miRNA annotated to 26 KEGG
pathways. The KEGG pathways were mostly signaling pathways
including MAPK signaling pathway, Ras signaling pathway, Wnt
signaling pathway, Hippo signaling pathway, sphingolipid
TCR
bta04142, tumor necrosis factor (TNF) signaling pathway

signaling  pathway, signaling  pathway, lysosome
bta04668, and oxytocin signaling pathway bta04921, as well as
bacterial invasion of epithelial cells bta05100 (Figure 5B). The
overexpressed miRNA targeted (prediction) 26,570 genes were
related to 23 KEGG pathways, including the Ras signaling
pathway, Wnt signaling pathway, MAPK signaling pathway,
mTOR

endocytosis, and TCR signaling pathway (Figure 5B).

insulin  signaling pathway, signaling  pathway,

Differentially expressed miRNA on day
+28 versus +63 of lactation

A total of 61 DEM were identified on day 63 compared to day
28, including 35 downregulated and 26 upregulated ones, with
bta-miR-122 (log2 (FC) = 0.89, q-value < 0.001) and bta-miR-
191b (log2 (FC) = -0.97, g-value < 0.001) being the two extremes
(Figure 6A). A number of 33,924 genes were predicted as the
target of downregulated DEM which were annotated to 13 KEGG
pathways, consisting of a cluster of signaling pathways: MAPK
signaling pathway, Ras signaling pathway, Hippo signaling
pathway, insulin signaling pathway, Wnt signaling pathway,
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and thyroid hormone signaling pathway bta04919 (Figure 6B).
The overabundant miRNA (putatively targeting 31,531 genes)
were annotated to 19 cell communication and signaling KEGG
pathways, including MAPK signaling pathway, Ras signaling
pathway, Hippo signaling pathway, Wnt signaling pathway,
insulin signaling pathway, mTOR signaling pathway, and cell
adhesion molecules (CAMs) bta04514 (Figure 6B).

Pattern identification of commonly
affected miRNA during time

Venn diagram analysis of DEM across the time points
revealed that the expression pattern of specific miRNA was
time-dependent (Figure 7). Among time-dependent DEM, a
cluster (Figure 8A) was affected at parturition and turned
back to initial levels within 4 weeks, while another cluster
(Figure 8B) was affected at day 28 PP and returned to
parturition level at day 63 PP.

miRNA-target interaction networks

The biological relevance of miRNA is based on their
interaction with their target genes (Lee et al., 2020), although
correctly interpreting miRNA-mRNA regulatory pathways is
challenging due to numerous potential target genes. Based on
the “graph theory” (Leén and Calligaris, 2017), we analyzed the
miRNA-mRNA interaction networks to identify critical nodes
and hubs that could act as master regulators, to narrow down the
focus of the discussion.

Accordingly, from day -21 to 1, bta-mir-874, bta-mir-149-5p,
bta-mir-138, bta-mir-150, and bta-mir-342 from downregulated
(Figure 9A) and bta-mir-2466-3p, bta-mir-214, bta-mir-504, bta-
mir-497, bta-mir-3431, bta-mir-145, bta-mir-187, bta-mir-127,
bta-mir-199b, bta-mir-146b, bta-mir-143, bta-mir-20a, and bta-
mir-195 out of the upregulated miRNA (Figure 9B) were
considered as master regulators.

From day 1-28 PP, bta-mir-2466-3p, bta-mir-2422, bta-mir-
214, bta-mir-504, bta-mir-1247-5p, bta-mir-485, bta-mir-125b,
bta-mir-3431, bta-mir-145, bta-mir-187, bta-mir-199b, bta-mir-
224, bta-mir-433, and bta-mir-143 from the downregulated
cluster (Figure 10A), and bta-mir-149-5p, bta-mir-2387, bta-
mir-6523a, bta-mir-24-3p, bta-mir-138, bta-mir-133a, bta-mir-
378c, and bta-mir-378b from the
(Figure 10B) were selected according to centrality and

upregulated cluster
betweenness.

Furthermore, the highest betweenness was detected between
bta-mir-328, bta-mir-326, bta-mir-1584-3p, bta-mir-2387, bta-
mir-6523a, bta-mir-2299-3p, bta-mir-296-5p, bta-mir-4286, bta-
mir-1296, bta-mir-23b-5p, bta-mir-128, and bta-mir-425-3p
from the downregulated miRNA (Figure 11A), and bta-mir-
378, bta-mir-365-5p, bta-mir-199a-5p, bta-mir-122, bta-mir-
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184, bta-mir-378c, bta-mir-133a, bta-mir-431, and bta-mir-378d
from the upregulated miRNA (Figure 11B) when comparing day
28 and 63 PP.

Discussion

MiRNA play an essential role in the post-transcriptional
regulation during the endocrine, metabolic, and immune
reactions induced by an imbalance between energy
requirements and supply during the transition to lactation.
Previous studies have shown that severe states of NEB affect
the expression of multiple hepatic miRNA and their target
genes involved in lipid and glucose metabolism and
homeostasis (McCarthy et al., 2010; McCabe et al., 2012;
Fatima et al., 2014).

Nevertheless, less information is available regarding the
circulating miRNA signature of late gestation and early lactation
dairy cows. We used longitudinal miRNAome analysis to
characterize DEM at critical time points around parturition and
analyze the miRNA-gene network in plasma samples of transition
dairy cows to identify candidate miRNA as master regulators of
metabolic adaptation. The experimental dairy cows were abomasally
supplemented with various fatty acids, and accordingly grouped to
CTRL, EFA, CLA, and EFA + CLA. The effects of oil treatment on
miRNA expression were negligible, except for the day -21 AP, when
bta-miR-1 was differentially expressed between CTRL and CLA
groups. No other significant differences were found between the
treatment groups. Even though fatty acids treatment altered energy
balance in cows of the present study (Vogel et al., 2020), it did not
affect miRNA expression or post-transcriptional regulation of
energy metabolism. Therefore, the discussion was limited to

time-affected miRNA.
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Highly abundant miRNA in plasma of ante
and postpartum dairy cows

At day -21 AP and day 1 PP, the top five highly expressed
miRNA were bta-miR-486, bta-miR-12034, bta-miR-92a, bta-
miR-423-5p, and bta-miR-223, while during days 28 and
63 PP, bta-miR-122 got the position of bta-miR-223 in the
top 5. Bta-miR-122 is a hepatic dominant conserved miRNA
in dairy cows (Jin et al., 2009) and humans (Jopling, 2012),
and is involved in regulating cholesterol and fatty acid
metabolism (Wu et al., 2017), but also expressed, albeit at
lesser values, in the mammary gland, digestive tract, and
extracellular vesicular (serum extracted) exosomes (Sun
et al, 2019). When profiling the liver miRNA in early
lactation, bta-miR-122 was the highest expressed miRNA in
dairy cows with mild and severe NEB (Fatima et al., 2014).
Consistent with our results, the dominant expression of bta-
miR-486 (highest), bta-miR-92a, and bta-miR-423-5p (among
the top five) was previously reported in dairy cows’ blood
exosomes (Sun et al., 2019). In mice, there is evidence that
miR-486 and miR-92a are involved in hepatic lipid and
by targeting
regulatory element-binding transcription factor-1 (SREBF1)
and ATP-binding G4 (ABCG4),
(Niculescu et al., 2018). Also in humans, these two miRNA
are identified in the high-density circulating lipoproteins

cholesterol regulatory pathways sterol-

cassette respectively

(HDL) associated with lipid metabolism (Niculescu et al.,
2015). Moreover, bta-miR-30d, bta-miR-21-5p, bta-miR-
320a, bta-let-7a-5p, bta-let-7b, and bta-let-7f were reported
among the most highly expressed miRNA in dairy cows’ dry
secretions (Putz et al, 2019). These miRNA have been
involved in many aspects of dairy cows’ pregnancy,
lactation, inflammation, and disease (Putz et al., 2019).
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FIGURE 8

(A) A bar chart shows differentially expressed miRNAs whose up- or downregulation occurred on day 1 postpartum and returned antepartum
levels on day 28 postpartum (B) A bar chart shows differentially expressed miRNAs whose up- or downregulation occurred on day 28 postpartum and

returned to day 1 levels on day 63 postpartum.

Differentially expressed miRNA over time

To ensure comparability, the time points were chosen based
on physiological reasons and previously collected data
(zootechnical, performance, metabolite, hormone levels, as
well as plasma proteomics data) (Vogel et al., 2020; Veshkini
et al,, 2022), under the identical experimental design. The MDS
plot revealed a comprehensive perspective of miRNAome profile
in individual samples over time, in which the AP period stands as
a separate cluster, while there was a high degree of overlap
between days 1 and 28 PP, and day 63 tended to be separated
from them and form an independent cluster. Interestingly, the
cluster separation was in line with dairy cows” energy balance
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(data are shown in (Vogel et al., 2020)), with positive energy
balance (day -21) standing out as a distinct cluster, duration of
the lowest energy balance (days 1 and 28 PP) as a second cluster,
and the last cluster (day 63) appearing to correspond to a period
when the energy balance was turning back to positive values. In
this regard, miR-143 was differentially expressed in hepatic
miRNA profiles of dairy cows at different levels of energy
balance and was mainly related to lipid and energy
metabolism (Fatima et al, 2014). Therefore, it might be
concluded that energy balance is one of the significant
determinants of critical pathways in which miRNA are
subsequently necessary for initiating and regulating adaptation
processes. As recently reviewed (Kinoshita et al., 2016), glucose
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corresponds to the centrality and betweenness of miRNA in constructing the network.
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and lipid metabolism are systemically controlled by a complex
orchestrated network containing a plethora of different
molecules, such as hormones, lipoproteins, and miRNA.
Although there are likely other players involved such as
inflammation and immune activation, since in the current
design fatty acid treatment significantly affected energy
balance (Vogel et al, 2020), but not miRNA expression,
which further
separation was due to time-dependent miRNA expression, in

requires investigation. Therefore, cluster
which specific sets of miRNA were probably associated with the
physiological state at that time. It should be noted that miRNA
expression does not necessarily follow a linear order over time.
Thus, there might be other up or downregulated miRNA during
the AP and PP periods which were not detected according to our

selected time points.

Differentially expressed miRNA and their
associated pathways during the transition
period

The transition from gestation to lactation considerably alters
miRNA expression, with five times more upregulated miRNA
than those downregulated. This might be biologically relevant
since most miRNA induce mRNA degradation and translational
repression (O’Brien et al., 2018), thereby as part of the adaptation
process switching to several organs and tissues’ catabolic status to
prioritize milk production over other biological pathways
(Veshkini et al., 2022). Although, in the following time points,
some of the DEM showed reverse expression, which gradually
inverted adaptations to restore normal metabolic and
physiological conditions. In this regard, we have previously
shown for various metabolites and the proteome that different
aspects of the immune system (such as the complement system)
(Veshkini et al, 2022) and lipid metabolism including
lipoprotein content (Vogel et al., 2020) and apolipoprotein
protein abundance (Veshkini et al, 2022) were temporarily
downregulated at the time of parturition, and then gradually
recovered within the next few weeks after parturition.

The DEM at day 1 PP were annotated to critical immune
functions and energy metabolism pathways, including insulin,
Ras, MAPK, Wnt, Hippo, sphingolipid, mTOR, and TCR
signaling pathways. These signaling pathways are critical to
establishing metabolic adaptation at the onset of lactation;
therefore, they are strictly controlled. Their dysregulation
results in immune and metabolic dysfunction and diseases
(Sebastian-Leon et al., 2014). These results align with our
recent findings, whereupon metabolic adaptations around
calving are most prominent in two distinct but tightly
lipid  (energy)
metabolism and immune function (Veshkini et al., 2022). The
identified  adaptation tightly
interconnected and exhibit functions that regulate a diverse

interconnected  physiological ~ processes:

signaling  pathways are
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array of physiological processes and cellular processes like
proliferation, differentiation, transformation, inflammatory
responses, apoptosis, and homeostasis in dairy cows (Sigdel
et al., 2021). There is also evidence from a human study that
circulating and tissue-derived miRNA play a crucial role in the
cross-talk between different organs, acting as endocrine and
paracrine messengers in intercellular communication (Kiran
et al., 2021).

It is important to emphasize that targeted genes may overlap
between up and downregulated miRNA; indeed, several
pathways were annotated by both up and downregulated
miRNA. Information regarding the source or target tissues of
DEM is unavailable; therefore, discussing each pathway’s
direction according to the direction of miRNA expression
seems inefficient. Instead, signaling pathways are discussed
according to the literature and our previously published
results at the proteome (OMICS based) and metabolite and
hormones (classical kit measurements) level from the same
experiment, in which the AP period was taken into
consideration as the basis and calving as the critical time
point for the initiation of the adaptation process.

A major component of immune adaptation was probably
triggered by activating the TCR signaling pathway, which
activates the NF-kb and downstream signaling cascades that
regulate cytokine production, cell survival, proliferation, and
differentiation (Hwang et al., 2020). In addition, the TCR
signaling pathway initiates intracellular signals essential for
T cell development and recruits macrophages for ingesting
apoptotic and damaged cells (Moro-Garcia et al., 2018; Shah
etal., 2021), which is crucial during the rapid tissue remodeling at
calving. Numerous miRNA have been reported to be associated
with TCR signaling pathways (Rodriguez-Galan et al., 2018) of
which miR-26b, miR-142, miR-146, miR-150, miR-342, and
miR-451 were among our DEM.

Specific annotated pathways are downstream targets of the
NE-kb pathway, and thus they might have ignited a state of
inflammation already underway before parturition. In this
regard, intracellular signaling pathways such as Wnt (Jeong
et al, 2018), Hippo (Feng et al, 2017), TCR (Adachi and
Davis, 2011), Rapl (Pizon and Baldacci, 2000), and mTOR
(Wang et al, 2013) are reportedly related to various
physiological and pathological conditions depending on the
specific cellular context. The Wnt pathway consists of a large
family of highly conserved glycoproteins that cross-talk with
MAPK cell fate,
regeneration, and maintaining tissue homeostasis (Zhang
et al, 2014). Previous studies have shown that Wnt and
MAPK pathways are essential for normal mammary gland

in development, determining tissue

development (Roarty and Serra, 2007; Li et al., 2018) and are
involved in immune system-related signaling pathways (Luoreng
et al,, 2021). These studies reported candidate miRNA including
bta-miR-19a, bta-miR-19b, bta-miR-21-5p, bta-miR-29¢, bta-
miR-143, bta-miR-145, and bta-miR-146b are associated with
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Wnht signals and MAPK pathway (Li et al., 2018; Luoreng et al.,
2021). Mounting evidence from recent human studies also
suggested that Wnt is involved in immune signaling, thus
regulating immune cell maintenance and renewal, modulation
of inflammatory cytokine production, such as NF-«B signaling,
and bridging innate and adaptive immunity (Patel et al.,, 2019;
Jridi et al., 2020). Furthermore, Rapl is shown to function as a
transcriptional cofactor that regulates the NF-kB pathway
(Yeung et al.,, 2013).

The current results follow a challenging hypothesis proposed
by Bradford et al. (Bradford et al., 2015) as the presence of a sub-
acute inflammation during the peripartum period, which has
been reviewed later and related to tissue damage and remodeling
during this prenatal period in critical organs such as the
mammary glands, liver, and adipose tissue (for review, see
(Horst et al., 2021)). An earlier study reported that low-grade
systemic inflammation, also known as “metabolic inflammation”
and “sub-acute inflammation”, plays an important role in
developing insulin resistance and hepatic steatosis in mice
activating NF-kB signaling pathways (Zeng et al, 2016). As
low-grade systemic inflammation in early lactation is a non-
infectious inflammatory response, it may activate a type of non-
canonical NF-kB that exhibits slower but continuous function
(for review, see (Sun, 2011)). Coordinating these signaling
pathways develops an immune adaptation process during the
transition period in which miRNA play a crucial role (for review,
see (Lawless et al., 2014; Chandan et al., 2019)). However, the
tissue and cellular level of individual miRNA require further
investigation. Further, the current study design did not
determine precisely when the systemic inflammation began,
reached its peak, and diminished.

Metabolic adaptations are at least partly mediated by
alterations in the insulin signaling pathway during early
lactation, which is a highly conserved regulatory network
coordinating animal metabolism (Zachut et al, 2013).
Insulin resistance in the periparturient cow has been
ascribed to  multiple factors, including low-grade
inflammation as one of the primary ones (Rehman and
Akash, 2016). Dairy cows in the periparturient period have
moderately reduced peripheral tissue insulin sensitivity, which
promotes the mobilization of body fat and protein reserves and
prioritizes nutrients to the fetus and mammary gland (Zachut
etal, 2013). In vivo measurements revealed a considerable drop
(p < 0.001) in plasma insulin levels in the PP period over the AP
period (Supplementary Figure S1) and there is a distinct
decrease in the insulin release in the PP transition cow
(Weber et al, 2016). As a result, we hypothesized that
insulin metabolism pathways were partially downregulated.
Some of the DEM found herein were previously reported to
be associated with the insulin signaling pathway in humans
(Nigi et al., 2018). Among those, miR-15b and miR-195 directly
regulate the insulin receptor and miR-1 regulates the IGF-1 and
IGFI-receptor. Also, miR-122, miR-144, miR-145, miR-146a,
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miR-214, and miR-375 indirectly affect insulin signaling
pathways (Nigi et al., 2018).

The insulin signaling pathways and the sphingolipid
signaling ~ pathways, are interrelated:  sphingolipid
accumulation at the onset of lactation may inhibit insulin
signaling and cause insulin resistance in various tissues of
dairy cows (McFadden and Rico, 2019), although they are not
the sole mediator of insulin antagonism (Petersen and Jurczak,
2016). In that sense, modulating insulin signaling by the
sphingolipid signaling pathway and in particular ceramides
may considerably impact on regulating glucose utilization,
maintaining PP health, and milk production in dairy cows
(for review, see (McFadden and Rico, 2019)). Within the
sphingolipid pathway, miR-1, miR-101, miR-125b, and miR-
128 interact with sphingosine kinases, sphingosine-1 phosphate,
and sphingosine-1 phosphate receptors (for review, see (Xu et al.,
2021)). The knowledge of sphingolipids in inflammation and
endocrine function of dairy cows will continue to grow with the
increased accessibility of lipidomics technologies.

In association with the insulin signaling pathway, Ras/Raf/
MAPK (rat sarcoma/rapidly accelerated fibrosarcoma/mitogen-
activated protein kinases) as major signaling pathways are
triggered to transduce signals from the extracellular milieu to
the cell nucleus where specific genes are activated to promote
gluconeogenesis, lipolysis, re-adjust insulin sensitivity, and
regulate the cellular response to various stimuli (Saltiel and
Kahn, 2001; Wang et al, 2013). The MAPK family members
were also shown to be involved in hepatic and systemic
inflammation and apoptosis in dairy cows (Li et al, 2020;
Horst et al,, 2021), and thus in the initiation of the innate
immune system and cytokine receptor-mediated responses, as
well as in the adaptive immune system through regulating T and
B lymphocyte differentiation (Krzyzowska et al., 2010). Several
human miRNA were suggested to be associated with the MAPK
signaling pathway (in chronic myeloid leukemia (Chakraborty
etal,, 2016)), including miR-196a, miR-196b, miR-30a, miR-138,
miR-126, miR-221, miR-128, miR-15a, miR-17, and miR-19a
that were found as DEM during different time points in the
present study.

Also, mTOR is one of the main signaling factors for
metabolic adaptation and responds to growth factors, energy
and amino acid levels, and cellular stress to regulate
transcription, protein and lipid synthesis, sphingolipid
biosynthesis, membrane homeostasis, cell cycle progression,
endocytosis, and nutrient transport and autophagy (Madrid
et al., 2016; Sadri et al., 2016). The mTOR and MAPK
signaling pathways may cross-talk to maintain essential
cellular functions (Madrid et al, 2016) and probably direct
protein synthesis toward the mammary gland and, thus, milk
production in early lactating dairy cows. In accordance, a recent
study on dairy goats suggested the involvement of the AMPK-
mTOR pathway in mammary milk protein synthesis (Cai et al.,

2020). The DEM identified herein were predominantly involved
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in signaling cross-talk regulatory mechanisms that determine
energy homeostasis as a part of metabolic adaptations.

As discussed earlier, the expression level of several DEMs was
reversed within a few weeks of lactation and then returned to AP
expression, which resulted in normalized insulin, mTOR, and
Ras signaling pathways. These results are consistent with our
previous proteomics findings in which indicators of metabolic
and immune adaptation such as acute phase proteins
alpha-2-
Heremans-Schmid glycoprotein, and adiponectin) and various

(haptoglobin, lipopolysaccharide-binding protein,
complement proteins at the onset of lactation were restored
within four to 9 weeks of lactation (Veshkini et al., 2022).
Beside those affected pathways, the TNF signaling pathway
was annotated by downregulated miRNA on day 28 PP. The NF-
kB pathway is activated through TNF signalling pathways,
producing various proinflammatory cytokines (including TNF-
). Moreover, lipoprotein lipase is inhibited thus decreasing fatty
acid uptake and lipogenesis, and increasing lipolysis in adipose
tissue (Kim et al., 2014). Conversely, TNF-a promotes the hepatic
expression of SREBP1c¢, a major regulatory transcription factor in
hepatic lipogenesis and the development of hepatic steatosis in
humans (Kim et al.,, 2014). In addition, TNF-q, besides being a
well-known major proinflammatory cytokine, induces in part
insulin resistance through phosphorylation of Jun and insulin
receptors (Kim et al., 2014). Accordingly, a possible explanation
could be that early lactation inflammation induces TNF-a,
affecting downstream pathways, including insulin signaling

pathways. Then, TNF signaling was also reduced in
conjunction with attenuated systemic inflammation at
28 days PP.

Determination of key miRNA and their
target mRNA in regulatory pathways

As discussed earlier, a group of miRNA had a time-dependent
expression including overexpression of bta-miR-10b, bta-miR-
129 family, bta-miR-143, bta-miR-144, bta-miR-145, bta-miR-
187, bta-miR-199b, bta-miR-214, bta-miR-369-3p, bta-miR-381,
bta-miR-409a, bta-miR-450b, bta-miR-451, bta-miR-452, bta-
miR-504, and bta-miR-2466-3p and downregulation of miR-1,
bta-miR-138, and bta-miR-149-5p at parturition. These miRNA
returned to AP expression after 28 days. During the transition from
day 1-28 PP, another cluster, including bta-miR-133a, bta-miR-144,
and bta-miR-378c, was downregulated, whereas bta-miR-9-5p, bta-
miR-190a, bta-miR-191, bta-miR-191b, bta-miR-223, bta-miR-
301b, bta-miR-381, bta-miR-2387, and bta-miR-6523a were
upregulated. These miRNA regained their parturition levels on
day 63 PP. Based on bioinformatics analysis, time-dependent
DEM and their predicted target genes have been annotated to
insulin secretion, sphingolipids, TNF, NF-kB, B cell receptor, and
MAPK signaling pathways, the key indicators in determining
metabolic and immune adaptation success.
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We determined which miRNA are the central hub of those
enriched pathways using miRNA-mRNA network analysis.
Considering time-dependent expression and network analysis,
bta-miR-138, miR-149-5p, bta-miR-214, bta-miR-504, bta-miR-
2387, bta-miR-2466-3p, and bta-miR-6523a were selected as the
central hub regulating annotated signaling pathways. Significant
positive correlations were observed between bta-miR-504 and bta-
miR-2466-3p (r = 0.51, p-value < 0.001), and bta-miR-504 and bta-
miR-214 (r = 0.6, p-value < 0.001) (Supplementary Figure S2).
According to bioinformatics analysis, these miRNA and their
target genes are among the key regulators of the NF-«xB
signaling pathway, insulin secretion, sphingolipid, TNF, B cell
receptor, and MAPK signaling pathways. Several target genes were
common to these signaling pathways including, MAPK3,
MAPK14, MAP3K14, MAP2K2, JUN, MYD88, NRAS
(neuroblastoma RAS viral (V-ras) oncogene homolog), FOS,
IKBKG (inhibitor of nuclear factor-kappa B kinase regulatory
subunit gamma), IKBKB (inhibitor of nuclear factor-kappa B
kinase subunit beta), and RELA (Supplementary Figure S3),
which were the key genes in previously annotated metabolic
Also,
network analysis revealed that all these genes are biologically

and immune pathways. protein-protein  interaction
connected (Supplementary Figure S4). Overall, bioinformatics
provided a subset of miRNA considered the regulatory hub for
metabolic and immune adaptation processes, which can be used as
candidates to assess the metabolic health of dairy cows during the
transition period. Nevertheless, future studies should focus on the

specific role of these miRNA in metabolic disorders.

Conclusion

Investigating circulating miRNA revealed novel insights into
miRNA signatures associated with metabolic and immune
adaptation in late gestation and early lactation dairy cows. There
were time-dependent differences in the expression of specific
miRNA, in which the calving effect predominated, such that
their expression was differential during the parturition time and
returned to normal after a few weeks (days 28 and 63 PP). Calving
prevailing was partially caused by DEM associated with a state of
systemic inflammation. Bioinformatics analysis suggested that
metabolic adaptation initiated by systemic inflammation, and
DEM orchestrates critical signaling pathways, including TCR,
NF-kB, MAPK, and insulin, which facilitate cross-talk between
energy metabolism and immunity in target tissues across the
whole body. In particular, the miRNA-mRNA network analysis
revealed circulating DEM including bta-miR-138, miR-149-5p, bta-
miR-2466-3p, bta-miR-214, bta-miR-504, and bta-miR-6523a and
their targeted genes as central hubs that regulate key signal
transduction pathways associated with energy homeostasis and
immune response in transition dairy cows. However, a more in-
depth analysis of the identified miRNA and their target genes is
required to develop them as biomarkers of metabolic homeostasis.
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An infinite cell line is one of the most favored experimental tools and plays an
irreplaceable role in cell-based biological research. Primary cells from normal
animal tissues undergo a limited number of divisions and subcultures in vitro
before they enter senescence and die. On the contrary, an infinite cell line is
a population of non-senescent cells that could proliferate indefinitely in vitro
under the stimulation of external factors such as physicochemical stimulation,
virus infection, or transfer of immortality genes. Cell immortalization is the
basis for establishing an infinite cell line, and previous studies have found
that methods to obtain immortalized cells mainly included physical and
chemical stimulations, heterologous expression of viral oncogenes, increased
telomerase activity, and spontaneous formation. However, some immortalized
cells do not necessarily proliferate permanently even though they can extend
their lifespan compared with primary cells. An infinite cell line not only
avoids the complicated process of collecting primary cell, it also provides a
convenient and reliable tool for studying scientific problems in biology. At
present, how to establish a stable infinite cell line to maximize the proliferation
of cells while maintaining the normal function of cells is a hot issue in the
biological community. This review briefly introduces the methods of cell
immortalization, discusses the related progress of establishing immortalized
cell lines in livestock and poultry, and compares the characteristics of several
methods, hoping to provide some ideas for generating new immortalized
cell lines.

livestock and poultry, immortalization, cell line, methods, telomerase activity

Introduction

As the basic structural and functional unit of life activities, cells are widely used as
experimental tools in various studies, especially in the fields of molecular biology and
biomedical research. Currently, there are two types of animal cells commonly used in
laboratories: primary cells and infinite cell lines (1). Primary cells refer to cells that are
directly collected from organism tissues and cultured in a simulated in vivo environment
(2). Most of them are collected from tissues of experimental animals such as mice
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and rabbits, and chicken embryos (3, 4). Take myoblast cells as
an example to briefly describe the general process for collecting
adherent cells. First, collect fresh muscle tissue samples from a
slaughterhouse and transport them to a cell culture laboratory
under sterile conditions (5). Small-sized experimental animals
such as chicken embryos, whose muscle tissue can also be
separated directly on the laboratory sterile bench (6). Then,
wash the muscle tissue with 70% ethanol or 1 x phosphate
buffered saline (PBS) containing 1% penicillin-streptomycin to
remove surface dirt, and cut it into small pieces. Obtain the
suspension containing myoblasts after mechanical dispersion
and enzymatic digestion (commonly used are 0.1% collagenase
and 0.25% trypsin solutions) (7, 8). Finally, remove tissue and
cell debris in the suspension using a 40-uM cell strainer and
perform low-speed centrifugation to collect primary myoblast
cells (9-12). It is worth mentioning that the collected primary
cells are suspended in a complete medium supplemented with
an appropriate amount of fetal bovine serum (FBS) and cultured
in monolayers at 37°C in a humidified atmosphere containing
5% carbon dioxide (simulating the environment in which cells
survive and replicate in vivo) (13, 14).

The collected primary cells are almost identical to their
source cells in morphology and characteristics. However, their
ability to rapidly proliferate and differentiate in vitro is limited
(15, 16). Even primary tumor-derived cells cannot continue
to proliferate after a certain number of passages in vitro
(17). In contrast, an infinite cell line is a population of
non-senescent cells that escape cell cycle restriction and can
proliferate indefinitely in vitro (18). In other words, achieving
cell immortality is the basis for establishing infinite cell lines.
Cell immortalization is one of the hotspots in biological research.
It refers to the process of making cells cultured in vitro
escape the senescence period of cell proliferation under the
influence of external factors to obtain the ability of infinite
division (1). Previous research has revealed that telomeres and
telomerase activity were closely related to cell immortalization

Abbreviations: PBS, Phosphate buffered solution; FBS, fetal bovine
serum; PDs, MNNG, N-methyl-N-nitro-N-
nitrosoguanidine; SV40-LT, Simian virus 40 large T antigen; HPV E6/E7,

population doublings;

human papilloma virus E6 or E7 protein; EBV, Epstein-Barr virus; c-myc,
cellular-myelocytomatosis viral oncogene; hTERT, human telomerase
reverse transcriptase; TR, telomerase RNA; PAI, plasminogen activator
inhibitor; iPMSCs, immortalized porcine mesenchymal stem cells; EE,
endocardial endothelium; SUVECs, swine umbilical vein endothelial cells;
AEC, alveolar epithelial cell; BME, bovine microvascular endothelium;
STCs, sheep trophoblast cells; bMECs, bovine mammary epithelial cells;
Bag-1, Bcl-2-associated athanogene 1; TRPS-1, transcriptional repressor
1; CDKN2A, cyclin-dependent kinase inhibitor 2A; Dox, doxycyline; RKCs,
rat Kupffer cells; EOE, enamel organ epithelial; MSCs, mesenchymal stem
cells; CDK4, cyclin-dependent kinase 4; chTERT, chicken telomerase
reverse transcriptase; ASV, avian sarcoma virus; ALSV, avian leukosis

sarcoma virus; DEFs, duck embryo fibroblasts.
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(19). Telomeres, special DNA-protein complexes presenting at
the ends of eukaryotic chromosomes, are comprised of simple
repetitive and highly conserved DNA sequences with guanine
(G) base-rich and related proteins. They are involved in DNA
replication and play important roles in maintaining a stable
and complete replication of chromosomes (20). Along with
proliferation and division of cells from normal animal tissues
(nerve tissue, muscle tissue, etc.), telomeres get shortened, and
cell proliferation will be inhibited to enter the senescence period.
At this time, if the activity of telomerase is extremely low,
the cell will reach the crisis stage and finally enter apoptosis
under gene regulation. On the contrary, immortalized cells or
tumor cells can maintain constant telomere length because of
the activation of telomerase (21). In addition, the expression of
tumor suppressor gene p53 or Rb is also an important regulatory
point in the process of cell immortalization (22, 23).

Cell lines bypass ethical issues associated with the use of
animal and human tissues, providing an endless supply of a
homogeneous cellular material that is cost-effective and very
convenient to use. In addition, a cell line avoids collection
of animal tissues from slaughterhouses, reducing the risk
of endogenous contamination (24). Previous studies have
suggested that many established immortalized cell lines could
maintain the shape, characteristics, and functions of primary
cells, and replace primary cells to provide convenient and
reliable experimental materials for basic scientific research
studies, clinical treatments, bioengineering pharmaceuticals,
and vaccine research and development (25-27). However, some
immortalized cells do not proliferate permanently despite their
extended lifespan compared with primary cells (28). After
multiple population doublings (PDs), cells will gradually senesce
and loss important genetic characteristics (15, 18). Therefore, we
summarized the established livestock and poultry cell lines and
compared different methods to generate a stable infinite cell line
hoping to find a better way to maximize the PDs of cells while
maintaining their normal functions.

Methods for obtaining immortalized
cells

Currently, the methods for obtaining the immortalization of
human and animal cells are mainly divided into four categories
(1, 29): (i) destroying the regulation of proto-oncogenes or
tumor suppressor genes on the cell cycle through physical
and chemical stimulation, which was a technique often utilized
in early research (Figure 1), (ii) inducing the heterologous
expression of viral oncogenes to help cells escape the cell
cycle control (Figure 2), (iii) stimulating the activity of cellular
telomerase to overcome the replicative senescence caused by
telomere shortening and realize the infinite proliferation of cells
in vitro (Figure 3), and (iv) spontaneous formation.
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Immortalization of cells induced by radioactive
factors

In previous studies, researchers have attempted to induce
cells with unlimited proliferation using X-rays or gamma
rays. For example, results from an experiment indicated
that human skin fibroblasts with a mutant p53 allele could
proliferate continually and exceeded 450 PDs in vitro after
periodic X-ray irradiation, whereas the unirradiated control
group cells could only be cultured to 37 PDs (30). Relevant
phenotypes of immortalized cells obtained with such methods
could be transferred by DNA transfection, which has been
demonstrated in mouse cells (31). Previous study has shown
that in place of it was suggested that treatment with Harvery
murine sarcoma virus (Ha-MSV) alone did not promote the
transformation of normal human fibroblasts into immortalized
or tumorigenic cells, while immortalized fibroblasts KMST-6
formed by Co60y-ray irradiation after treatment of Ha-MSV,
and transplanted them into nude mice could acquire anchorage
independent growth potential and eventually generated tumors
(32). Therefore, radioactive factor-induced immortalized cells
may increase the risk of tumorigenesis.
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Immortalization of cells induced by chemical
carcinogens

N-methyl-N-nitro-N-nitrosoguanidine (MNNG) (33) and
3-methylcholanthrene (34) are chemical carcinogens that induce
cell immortalization. A previous study has observed that
rabbit tracheal epithelial cells proliferated exponentially in the
second week of culture and reached plateau in the third week.
However, after experiencing the MNNG process, some rabbit
tracheal epithelial cells showed a relative delay in the onset of
proliferation and recovered clonal activity in a later stage of
the plateau phase (35). Nevertheless, immortalized cells induced
by chemical carcinogens do not necessarily retain normal
morphology and are adhesion-dependent (33). Therefore, their
carcinogenesis risk cannot be neglected.

Heterologous expression of viral
oncogenes

It is well-known that the simian virus 40 large T antigen
(SV40-LT), human papilloma virus E6 or E7 protein (HPV
E6/E7), and Epstein-Barr Virus (EBV) are oncogenes. Among
them, the SV40-LT gene fragment is one of the most commonly
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used target fragments for inducing cell immortalization.
Integrating it into the target cell nucleus for expression can cause
inactivation of the p53 and Rb proteins, thereby changing cell
proliferation activity and prolonging cell lifespan (36). However,
the length of telomeres will gradually shorten until cells stop
growing, and only a few cells can completely leave the cell cycle
and continue to proliferate, eventually forming immortalized
cell lines (37). In recent years, SV40-LT has been successfully
used in the establishment of immortalized cell lines of livestock
and poultry such as pigs (38), cattle (25), sheep (24), and
ducks (39).

In addition, infection with HPV E6/E7 can also immortalize
a large number of different types of cells (40, 41). The HPV

Frontiersin Veterinary Science

63

E6 protein, as one of the most common transforming proteins,
can cause degradation of the p53 protein and upregulate the
expression level of cellular-myelocytomatosis viral oncogene (c-
myc) (42). Furthermore, it can also induce the expression of
human telomerase reverse transcriptase (WTERT) and enable
cells to acquire the ability of indefinite proliferation (43).
There are many binding sites for c-myctranscription factor
on the promoter of WTERT, so c-myc can mediate hTERT
transcriptional activation and rapidly induce hTERT mRNA to
express (44). The HPV E7 protein can lead to degradation of
the Rb protein (45). It was reported that retroviruses containing
the HPV E6/E7 gene was used to infect human pancreatic duct
epithelial cells to establish the corresponding immortalized cell
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line, which could be passaged more than 20 times, retaining
the anchorage dependence of mammalian cells with non-
carcinogenic effects (40). Currently, the EBV is mostly used to
immortalize B lymphocytes. The EBV genome contains more
than 100 genes, and only a few genes (so-called latent genes) can
be expressed in EBV-infected B lymphocytes. For instance, it is
capable of infecting B lymphoblastoid cells in vitro, activating the
interaction of cytokines with their receptors by expressing latent
proteins, and forming immortalized lymphoblastoid cell lines. It
is worth noting that the most notable feature of immortalized B
cells induced by EBV is increased telomerase activity (46).

Telomerase causing cell immortalization

Telomerase

Telomerase is a kind of a specific reverse transcriptase and
includes three components: telomerase RNA (TR), telomerase-
associated protein, and telomerase reverse transcriptase (TERT)
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or telomerase catalytic subunit. Using its own RNA as
a template to extend telomeres from the 3/-OH end of
telomeric DNA or synthesize new telomeric DNA, it can
compensate for the shortening of chromosome ends during
cell division, so as to maintain the length of telomeres and
prevent cells from the apoptosis caused by telomere depletion
(47). Telomerase almost has no activity in normal cells but
with expression in stem cells and germ cells. The activity
of telomerase is elevated in most immortalized cell lines
and various human tumor tissues, suggesting that telomerase
activity is closely related to occurrence and development of
tumors (48).

Rebuild telomerase activity to immortalize cells

In 1998, it was first reported that after the exogenous h'TERT
gene was introduced into telomerase-negative normal human
retinal pigment epithelial cells, the intracellular telomerase
was activated and the endogenous PB-galactosidase (senescent
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TABLE 1 Immortalized livestock cell lines established by transfecting hTERT alone.

Species Cell line name Cell line source Immortality References
Swine Fibroblast cell line Primary fibroblasts prepared from pig ears, Cultured for 30-45 passages (60)
fetuses, and lung tissues
hTERT-POMECs Primary porcine oral mucosal epithelial cells Cultured for more than 150 passages in vitro (61)
(POMECs) from the neonatal piglet.
iPMSCs Fetal porcine pancreas mesenchymal stem cells More than 80 passages (62)
EE cell line Endocardial endothelium cells Over 100 generations (63)
SUVECs Umbilical vein endothelial cells Passaged 50 times (64)
Cattle HTERT-AECII Type II alveolar epithelial cells More than 50 passages (4)
hTERT-BME Microvascular endothelial cells isolated from Over 80 passages (65)
adrenal cortex
BMET Muscle epithelial cells Cultured for 59 passages (66)
Sheep Fibroblast cell line Lung fibroblasts Cultured for about 120 days (50-80 PDS) (67)
hTERT-STCs Primary trophoblast cells (STCs) Cultured for 50 passages (7)
Microglia cell line Brain macrophage Passage up to 100 times (26)
Fibroblasts cell line Fetal sheep fibroblasts More than 180 PDs (68)

marker) was significantly reduced (49). Besides, a previous study
has claimed that after transfection with retrovirus-mediated
exogenous hTERT gene, normal human breast epithelial cells
gained stable telomere length, longer lifespan (40 PDs more
than primary cells), less obvious p-galactosidase staining, and
unchanged plasminogen activator inhibitor expression (PAIL
another senescent marker) (50).

Furthermore, it has been determined that ATERT could
improve telomerase activity, stabilize telomere length in cells,
increase the number of cellular PDs, slow down cell senescence,
and prolong the lifespan of culture in vitro (51-56). Certain
cells can maintain their original morphology and function
while obtaining the ability to proliferate indefinitely (57, 58).
For example, immortalized human bone marrow mesenchymal
stem cell line carrying hTERT has been subjected to 290 PDs
without losing cell contact inhibitory function. By observing cell
morphology at 95 and 275 PDs, it was found that transfected
cells had the ability to transform into adipocytes, chondrocytes,
and osteoblasts (59). Currently, hTERT transfection alone can
immortalize many livestock and poultry cells (Table 1), or it can
be combined with viral oncogenes to improve the success rate of
obtaining immortalized cells (69).

Spontaneously generated immortalized
cells

During cell culture in vitro, some spontaneously
immortalized cells are occasionally generated and show
high proliferative potential without gene transfer (70-73).
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These cells achieve serum-independent growth and have higher
saturation densities (74).

Rodent cells have a higher incidence of spontaneous
immortalization, up to 1075 or 10~° (44). Previous research
has discussed that human cells could escape aging only if both
the p53 and Rb genes were inactivated simultaneously, and that
dysregulation of the ARF-p53 pathway alone in rodent cells
was sufficient for eternal proliferation (75). By comparing the
expression of multiple genes in early passage bovine mammary
epithelial cells (bMECs), senescent bMECs, spontaneously
immortalized bMECs (BME65Cs), and human breast cancer
MCEF-7 cell line (76), it was found that BME65Cs had the
general features of normal BMECs in terms of morphology
and karyotype etc., accompanied by endogenous TERT activity
and telomeres stability. Compared with MCE-7 cells, the
oncogene c-myc was only slightly upregulated in BME65Cs,
and the breast tumor-related genes Bcl-2-associated athanogene
1 (Bag-1) and transcriptional repressor 1 (TRPS-I1) were not
detected. Likewise, the expression of tumor suppressor gene p53
and cycle-dependent kinase inhibitory factor pI16INK4a (also
known as cyclin-dependent kinase inhibitor 2A, CDKN2A)
in BME65Cs was decreased but not completely inactivated
compared to earlier passages, indicating that spontaneous
immortalized cell lines were not caused by mutations in the
p53 or pI6INK4a gene. In addition, the expression level of
DNA methyltransferase was upregulated, suggesting that the
co-suppression of cell aging and mitochondrial apoptosis
pathways orchestrated the immortalization process of BME65Cs
(76). That means the mechanism by which spontaneously
immortalized  cells senescence is

escape  replicative

poorly understood.
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TABLE 2 Establishment of different cell lines in mammals.

10.3389/fvets.2022.956357

Species Cell line Establishment method Immortality References
Rat RKC2 SV40-LT was expressed in passaged kupffer cells - (83)
Mouse EOE-2M and Induced the expression of HPV16 E6/E7 oncogene in Maintained more than 30 (84)
EOE-3M primary enamel organ epithelial (EOE) dental cells generations
FP5-1-3 cell line Spontaneous generation from mammary buds in p53-null - (85)
female embryos
LmcMF Introducted of SV40-LT into primary intestinal At least 20 generations (86)
myofibroblasts.
SmcMF Spontaneous immortalized intestinal myofibroblasts At least 20 generations (86)
AD-MSC Knockout of p53 gene in adipose-derived mesenchymal stem Passaged more than 50 times (87)
cells (MSCs)
Osteoblast cell line Transfection of primary floxed Bmp2/4 mouse osteoblasts Grown more than 50 PDs (27)
with SV40-LT
Epithelial cell line Embryonic mouse neuroepithelial cells were infected with a - (88)
retrovirus containing the c-myc oncogene
Rabbit Fibroblast cell line Co-expression of mutant CDK4, cyclin D1 and hTERT in More than 11 generations (89)
fibroblasts
Articular cartilage Transfected with plasmid encoding SV40 early functional Up to 130 generations (90)
cell line gene
ImRMC Induced lentivirus-mediated SV40-LT expression in primary - 91)
melanocytes
Epithelial cell line Infection of primary corneal epithelial cells with Grown over hundreds of (92)
recombinant SV40-adenovirus vector generations
Swine Granulosa cell line Conditionally expressed SV40-LT gene in primary granulosa Stable proliferation for at least (93)
cells using tetracycline-induced Tet-On 3G system 6 months
siNEC and siTEC Transfer of SV40-LT into nasal and tracheal epithelial cells Over 30 passages, the (94)
doubling time is cut in half
Ttag and Puro Transfer of lentiviral vector expressing SV40-LT into More than 35 passages (95)
primary porcine spermatogonial stem cells
GalT-KO-hep and GalT-KO and wild-type pig primary hepatocytes were More than 20 generations (82)
WT transfected with SV40-LT lentiviral vector
Fibroblast cell line Sleeping beauty transposon-mediated ectopic expression Over 40 generations (96)
system of porcine TERT
Endothelial cell line Primary endothelial cells were transfected with plasmid The doubling time was about (80)
PRNS-1 carrying neomycin resistance gene and SV40-LT 17.6h
Cattle Epithelial cell line Mammary epithelial cells were infected by retrovirus with Up to 80 PDs in 10 months (18)
the SV40-LT plasmid
Epithelial cell line Transfer of lentiviral vectors encoding cyclin DI, mutant Over 15 generations 97)
CDK4, and hTERT genes into colon-derived epithelial cells
Germ cell line Constructed pEGFP-c-myc and pEGFP-hTERT expression About 100 PDs in 140 days (69)
vectors and transfected 5-month-old calf sperm stem cells
BMES Muscular epithelial cell spontaneously immortalized Cultured for 62 generations (66)
Sheep Endothelial cell line HPVI16 E6/E7 open reading frames were permanently At least 28 passages (98)
transfected into fifth generation fetal pulmonary artery
endothelial cells
mMTSV-54/93 and Transfection of plasmid DNA encoding SV40-LT gene into Faster doubling time (99)

TIGEF

goat fibroblasts

Indicates that immortality is not mentioned in the citation in place of previous sentence.
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TABLE 3 Characteristics of immortalized pig cell lines established by transfecting SV40-LT and hTERT.

10.3389/fvets.2022.956357

Establishment Cell line Characteristics Immortality References
method
Transfection of TERT Fibroblast cell line It had anchorage dependency, and did not form any colonies  Cultured for 30-45 passages (60)
gene on soft agar
hTERT-POMECs No chromosome abnormality and tumorigenicity Cultured for more than 150 (61)
transformation passages in vitro
Fibroblast cell line The cell line continued to grow after more than 40 passages, Over 40 generations (96)
and pTERT maintained stable expression
iPMSCs With the ability to differentiate into neurons, More than 80 passages (62)
cardiomyocytes, germ cells, and islet-like cells
EE cell line It had similar phenotypic and functional characteristics to Over 100 generations (63)
the primary endocardial endothelium cells
SUVECs It had contact inhibition, serum demand and anchorage 50 generations (64)
dependent growth
Induced the expression Granulosa cell line Able to reproduce stably for at least 6 months, with reduced Stable proliferation for at least 6 (93)
of SV40-LT cell proliferation following withdrawal from Dox months
siNEC and siTEC Retained the biological characteristics of primary epithelial Over 30 passages, the doubling (94)
cells and no abnormal chromosomes time is cut in half
Ttag and Puro No morphological abnormalities More than 35 passages within (95)
seven months
GalT-KO-hep Retained the characteristics of primary porcine hepatocytes. More than 20 generations (82)
No tumorigenicity
MSCs Possessed higher proliferative capacity, shown no signs of Serially passages more than 20-30 (38)
senescence and displayed a common phenotype similar to times
primary MSCs
Endothelial cell line The original features of endothelial cells were preserved The doubling time was about 17.6 h (80)

Indicates that immortality is not mentioned in the citation in place of previous sentence.

Establishment and current status of
livestock and poultry immortalized
cell lines

The common methods for establishing
non-carcinogenic immortalized cell lines

It is well known that cancer cells also have the ability to
proliferate indefinitely, and that cells may become cancerous
during the process of establishing cell lines. Soft agar assay
and nude mouse tumorigenesis assay are widely recognized
methods for testing whether immortalized cell lines are
tumorigenic (77, 78). Studies have found that immortalized
cell lines induced by radioactive substances and chemical
carcinogens may increase the formation of cancer cells,
which are rarely used today (32, 33). Immortalized cell
lines established by inducing the combined expression of
immortality genes, proto-oncogenes, and cell cycle regulators
are also tumorigenic, such as porcine pancreatic ductal
epithelial cells, which are often used to generate tumor
models (79, 80).
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However, some immortalized cell lines can still avoid the
generation of cancer cells while maintaining the morphological
and physiological characteristics of primary cells (63, 81).
The current common immortalization methods that do not
cause any cancer growth are mainly by hTERT or SV40-LT
expression induction, such as porcine oral mucosal epithelial
cell line (hTERT-POMEC) (61), canine bronchiolar epithelial
cell line (hWTERT-CBEC:s) (77), and pig liver cell line (GalT-KO-
hep) (82). So far, anchorage-independent growth, chromosomal
abnormalities, and tumorigenic transformation have not been
observed during the culture of these cell lines.

Small mammalian and livestock cell lines

By comparing the establishment status of common
and rabbits)
(such as pigs, cattle, and sheep) immortalized cell lines

small mammal (rats, mice, and livestock
(Table 2), it is not difficult to find that most expression
SV40-LT or HhTERT gene are

transfected into cells to prolong their lifespan. Notably,

vectors carrying the
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TABLE 4 Existing poultry cell lines and their characteristics.

Species Cell Line

Characteristics

10.3389/fvets.2022.956357

Immortality

References

Chick CSC-1-5

ICP1 and ICP2

CEL-im

DF-1

LMH

Duck DEE cell line

DEF-TA

Goose Epithelial cell line

Quail QM 1-4 and QM 6-8

Myocardial cell line

QT

Cartilage cell line

Spontaneous emergence, the fibroblast cell line had a high
proliferative state, high homogeneity and the same genetic
background, normal cell cycle distribution without
tumorigenesis, and transformation

Acquired by transducting chTERT alone or in combination with
chTR. They showed fibroblast-like morphology without signs of
malignant transformation, revealed high telomerase activity and
retained adipocyte differentiation capacity

Spontaneous generation without oncogenic treatment, 0.8-1.1
PDs per day, and negative for telomerase activity

Spontaneous emergence, they demonstrated a fibroblast-like
morphology during culture, did not contain endogenous
sequences associated with ASV or ALSV, and supported
replication of avian retroviruses

It obtained from liver tumor tissue after injecting
diethylnitrosamine, had triploid karyotype and 6 marker
chromosomes. After the 40th passage, the growth rate gradually
increased and the cell morphology changed

It had good adhesion ability and proliferative activity, no
tumorigenicity, and the doubling time was about 17.6 h
Expressing SV40-LT (obtained after more than 8 rounds of
puromycin selection), PDs number increased every 30 to 48 h,
and maintain fibroblast morphology

Spontaneous formation with a cubic morphology and constant
chromosomal characteristics, they could efficiently transfect some
plasmids carrying avian virus reporter genes and did not
transform into tumorigenic cells

Seven avian myogenic cell lines derived from the fibrosarcoma
cell line QT6

It obtained by injection of MC29 virus carrying the v-myc,
without morphological changes, showing decreased growth and
enhanced differentiation

Injected with 7,12-dimethylbenzylanthracene, MNNG and
3-methylcholanthrene (carcinogens) and isolated from tumor
tissue. The fibrosarcoma cell line had undergone ~10 passages
and was characteristic by tumorigenic transformation

Acquired by infection with MC29, it stimulates chondrocyte

proliferation and progressively reduces doubling time

Stable passage over 3 months

Cultured in vitro over 100

passages

Cultured over 120 passages

Cultured 120 passages in 5

years

50 generations

Passaged more than 30 times

Grown over 65 passages

More than 60 passages in 6

months

Undergone ~10 passages

About 70 generations in 16

months

(100)

(13)

(101)

(102)

(103)

(104)

(39)

(105)

(106)

(107)

(108)

(109)

Indicates that immortality is not mentioned in the citation in place of previous sentence.

the cell immortalization induced by the tetracycline Tet-
on 3G system is reversible, and cell proliferation can
be controlled with doxycycline (Dox), which is more
flexible (93).

As an example, the characteristics of immortalized pig cell
lines separately obtained by transfecting SV40-LT and hTERT
are compared (Table 3). It is observed that immortalization
effects can be evaluated from the aspects of cell lifespan,
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telomerase activity, passage times, PDs, cell morphology,
and tumorigenicity.

Establishment of poultry cell lines

We summarized poultry cell lines and their characteristics,
including chickens, ducks, geese, and quails (Table4). It
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was found that few immortalized cell lines were successfully
established in poultry compared with mammals, and that the
existing poultry cell lines were mainly obtained from tumor
tissues; some chemical carcinogens or oncogenic viruses were
used to immortalize specific types of bird cells, and some
continuous cell lines were spontaneously generated. There are
two points worth noting: (i) the preadipocyte lines “ICP1”
and “ICP2” successfully established by transfection with the
chicken telomerase reverse transcriptase (chTERT) have a high
proliferation potential without malignant transformation after
long-term culture, which provides a new idea and theoretical
reference for the acquisition of other immortalized poultry cell
lines (7), and (ii) during the whole process of establishing
immortalized cell lines, specific antibiotics can be used to screen
out positive cells expressing the SV40-LT gene or other target
genes and then select a single transforming focus for subculture,
which is not only simple but also safer (27).

Conclusions

Establishing an ideal immortalized cell line with infinite
proliferation ability and maintaining the characteristics of its
source tissue cells cannot only avoid the complicated process
of primary cell separation and purification, reduce the time
and energy consumption of researchers, and save the cost of
experiments, it is also conducive to the research on scientific
issues such as gene function of livestock and poultry, and rapidly
promotes the development of science. Since immortalized
cells can be passaged multiple times in vitro, researchers can
immortalize cells that are difficult to passage, slow to proliferate,
and prone to senescence, and provide more cell resources for
related experiments. Nevertheless, whether the functional cells
from different species adopt the same immortalization method,
and how to quickly and efficiently prepare immortalized cells
and to ensure the immortalized cells maintaining the original
characteristics have not yet been solved and require more in-
depth research. In summary, the application of immortalized
cells has broad prospects. The continuous improvement of
immortalized cell line establishment technology is conducive to
further research in molecular biology and other scientific fields.
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Taurine ameliorates volatile
organic compounds-induced
cognitive impairment in young
rats via suppressing oxidative
stress, regulating
neurotransmitter and activating
NMDA receptor
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Zhao Yang', Hui Deng?!, Peng Fan! and Junhong Gao'*

Toxicology Research Center, Institute for Hygiene of Ordnance Industry, Xi‘an, China, 2Xijing
Hospital, The Fourth Military Medical University, Xi‘an, China

Long-term exposure to volatile organic compounds (VOCs) in children leads to
intellectual and cognitive impairment. Taurine is an essential nutritional amino
acid for children, which can improve neurological development in children.
However, the neuroprotective effect of taurine on VOCs-induced cognitive
impairment in children remains unclear. The aim of this study was to investigate
the neuroprotective effects of taurine on VOCs-induced cognitive impairment
in young rats. The rats were nose-only exposed to VOCs for a period of 4
weeks to create a model of cognitive impairment, and 0.5% and 1% taurine
in tap water were administered throughout the trial period, respectively. Our
results showed that young rats adjusted the recovery of their physiological
functions by voluntarily increasing the intake of taurine in tap water when
exposed to excessive VOCs by inhalation. In addition, taurine enhanced grasp,
shortened the latency period of escape, and improved the learning and
memory function of young rats. Moreover, taurine decreased malondialdehyde
(MDA), y-aminobutyric acid (GABA), Aspartate aminotransferase (AST), Alanine
aminotransferase (ALT), Urea, Creatinine (CREA) and injury biomarker level,
enhanced superoxide dismutase (SOD), reduced glutathione (GSH) and
glutamic acid (Glu) activities, up-regulated the protein expression of brain
derived neurotrophic factor (BDNF) and N-Methyl-d-aspartate receptor 1
(NMDAR1) in model rats, and in most of cases 1% but not 0.5%, ameliorated
the defects induced by VOCs. Collectively, these findings suggested that
taurine protected against VOCs-induced cognitive-behavioral impairment in
young rats through inhibiting oxidative stress and regulating neurotransmitter
homeostasis. In addition, taurine were capable of restoring abilities of
learning and memory in young rats exposed to VOCs by activating
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the N-Methyl-d-aspartate (NMDA) receptor. The findings suggest taurine as
a potential novel drug for the treatment of cognitive behavioral disorders

in children.

taurine, volatile organic compounds,

cognitive impairment, oxidative stress,

neurotransmitter, NMDAR1

Introduction

With the wide and extensive application of new building

materials and decorative materials, including coatings,

adhesives, furniture, flooring, wallpaper, etc., will release
a variety of volatile organic compounds (VOCs), which
aggravates indoor air pollution. Because of the increasing
concentration of indoor chemical compounds and the fact that
most people spend the majority of their time inside, indoor
air pollution has become a major public health concern (1).
In humans, VOC exposure can cause negative health effects,
for example, neurological reactions, behaving as weakness,
loss of appetite, fatigue, disorientation, and nausea (2). In the
VOC:s series of compounds, some kinds of VOCs have strong
toxicity, serious harm to human health. Benzene series and
formaldehyde have been determined as class I carcinogen by the
International Center for Research on Cancer (3). Indoor is the
main place for human activities, and the indoor environment
is closely related to the health of people (4). However, indoor
air quality (IAQ) is a common problem in new residential
buildings in China (5). With few precautions, inhalation
and skin exposure to unhealthy levels of concentration are
almost inevitable. VOCs are the main indoor air pollutants,
of which benzene, toluene, xylene and formaldehyde are the
more common indoor VOCs, including smoking, solvent use,
renovation and household products, especially in the presence
of new houses and furniture (6). VOCs tests were carried out
on more than 7,000 residences in China in the last decade
(nearly one-third were newly renovated) and found ubiquitous
pollutants exceeding recommended concentrations, including
particulate matter, formaldehyde, benzene and other VOCs and
molds (7). Human exposure to VOCs includes direct contact
through hands and other skin surfaces, as well as inhalation of
gases and airborne particulate matter (8).

City dwellers typically spend more than 90% of their time
indoors (9). As one of the specially sensitive groups, children
are in an important stage of growth and development. They
spend more time and volume of breath indoors than adults,
and are more vulnerable to pollution than adults due to
physiological conditions and other factors (10), so they are more
sensitive to indoor environmental pollution. Epidemiological
investigations have shown that VOCs exposure can cause
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neurological symptoms such as headaches and inattention (11).
Previous animal studies have shown that VOCs has multi-target
organ toxicity and can cause damage to multiple organs and
systems in the body. Sub-chronic exposure of low-dose VOCs
can damage the body shape and motor function of mice, as
well as the learning and memory ability of mice (12). Acute
inhalation exposure of high-dose formaldehyde can induce
cognitive deficits in mice, causing damage to the hippocampal
region and leading to learning and memory disorders (13).
Benzenes such as toluene are also well-known neurotoxins (14).
The adaptability of infant rats to such as adverse environment is
weaker than that of adult rats (15), and the cognitive impairment
is particularly serious. Mice’s motor function, as well as learning
and memory abilities, can be affected by subchronic exposure to
low-dose VOCs (16). Recent studies have reported that variable
age stages of animals show different amounts of oxidative
stress in response to VOCs exposure, and infant rats have
weaker adaptability to adverse environment than adults (15).
Oxidative damage, altered expression of neurotransmitters and
NMDA receptors may be the possible mechanisms of VOCs
neurotoxicity (12). How to improve neurotoxicity and cognitive
impairment caused by VOCs has become an important problem
to be solved urgently. In terms of drug prevention and treatment,
neurostimulants and hormone drugs such as amphetamine and
dexamethasone have a certain protective effect on cognitive
impairment, but their side effects are large and cannot be used
as routine preventive drugs (17). Research on how to effectively
reduce VOCs damage to brain tissue through dietary approach
is of great significance for improving children’s intelligence and
cognitive ability.

Taurine (2-aminoetaurine), which is an amino acid that may
be found in practically all animal tissues, is abundant in the
nervous system. It is the only free amino acid second only
to Glutamate. Its physiological functions include antioxidant,
growth promotion, nervous, cardiovascular, immune and
endocrine regulation (18, 19). Taurine has a variety of impacts
on the central nervous system: Neuromodulators, neurotrophic
agents and neuro protective agents can protect neurons in
neuro-related diseases (20), improve fetal brain development
(21). It can also significantly improve the cognitive impairment
of young rats after prenatal stress (22). In animal studies, taurine
has an age-dependent effect on overall cognitive development.
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A study found that mice in the post-weaning group learned
tasks faster than mice in the control group during the first
four phases of adulthood (lifetime, pre-weaning, post-weaning,
and control) (23). Taurine (dissolved in 1% and 2% tap water,
respectively), ameliorates cognitive impairment and inhibits
apoptosis of hippocampal neurons exposed to high Glucose in
diabetic rats through the NGF-Akt/Bad pathway (24). In this
study, the VOCs mixed inhalation exposure method was used
to establish a model of cognitive function impairment in young
rats. This method was consistent with the exposure environment
of indoor VOCs pollution, in reality, and the protective effect
of taurine on VOCs-induced cognitive function impairment
was evaluated from the aspects of neuro behavior, oxidative
stress, brain tissue morphology and related active factors. The
underlying molecular mechanisms that may be involved in
taurine’s improvement of behavioral disorders were elucidated.

Materials and methods

Reagents and kits

Taurine (Food grade, Jiangsu Xinrui Biotechnology
Co., Ltd. China), Formaldehyde, Benzene, Toluene, Xylene
(Analytical purity, Chengdu Cologne Chemical Co., Ltd.
China), Malondialdehyde (MDA), Reduced Glutathione (GSH),
Superoxide dismutase (SOD), Catalase (CAT), Glutamic acid
(Glu) Determination Kit (Nanjing Jiancheng Institute of
Biological Engineering, China), Aspartate aminotransferase
(AST), Alanine aminotransferase (ALT), Urea, Creatinine
(CREA) Determination Kit (Beckman, USA), Rat Glial
fibrillary acidic protein (GFAP), Myelin basic protein (MBP),
Neurofilament light chain (NF-L), y-aminobutyric acid
(GABA) and Taurine (TAU) ELISA Kit (Shanghai Enzyme-
Linked Biotechnology Co., Ltd. China), Anti-BDNF antibody
(ab108319) (Abcam, Britain), Anti-NMDARI1

(ab274377) (Abcam, Britain).

antibody

Animals

SD rats were purchased from Sibeifu (Beijing) Biotechnology
Co., LTD., with the production license: SCXK (Beijing) 2019-
0010. At the beginning of the infection, the animals were 4
weeks old, weighing 89.2 £+ 9.1g, and kept in the barrier
system. The license was SYXK (Shaanxi) 2021-008. The ambient
temperature was 22°C~26°C, the relative humidity was 40-
70%, and the light and shade were alternating with 12h. The
rats fed and drank freely. The experiment was followed the
National Institutes of Health guide for the care and use of
Laboratory animals (NIH Publications No. 8023, revised 1978)
and approved by the Laboratory Animal Management and used
Committee of the unit, approval number: TACUC202104.
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Experimental design

Twenty-four healthy young SPF male SD rats were
randomly divided into four groups of six rats in each
group: control group (control), VOCs model group (VOCs),
VOCs+0.5% taurine intervention group (VOCs+0.5% taurine)
and VOCs+1%taurine intervention group (VOCs+1% taurine).
VOCs, VOCs+0.5% taurine and VOCs+1% taurine groups
were exposed to VOCs (Theoretical concentration of 5 mg/m?
formaldehyde+5 mg/m® benzene+10 mg/m® toluene410
mg/m> xylene) mixed liquid aerosol (25) by nose-only
inhalation for 4 h/day, 5 day/week for a period of 28 days (4
weeks). The concentrations of formaldehyde and benzene series
were dynamically monitored by pump formaldehyde detector
and gas chromatography, respectively, to ensure that the actual
concentration was consistent with the theoretical concentration.
At the same time, the control group inhaled clean air with
an inhalation exposure system for 28 days. The VOCs+0.5%
taurine and VOCs+1% taurine groups were dissolved in tap
water with 0.5% and 1% taurine, respectively. They were given
tap water every day from the beginning of modeling to the
end of modeling. Control and VOCs model group drank water
normally. During the experiment, the body weight of the animals
was measured every week, and the drinking volume of each cage
(2 rats in 1 cage) was recorded daily by the scale on the drinking
bottle, and the daily drinking volume of each rat was obtained
after averaging.

Nose-only inhalation exposure

Four 20-port nose-only inhalation exposure devices are
available at the facility (TSE Systems, Germany). Each inhalation
exposure system consists of a nose-only inhalation exposure
chamber, an aerosol generation system, and a test atmosphere
monitor and control system. The test atmosphere was created
by aerosolizing the test formulation, a mixture of VOCs
in 5% formaldehyde, 5% benzene, 10% toluene, 10% xylene
and 70% water with a nebulizer (TSE Systems, Germany).
The total air flow was set to produce an air flow of
approximately 1 L/min/exposure port. The concentrations of
VOCs in the formulations were adjusted to control the aerosol
concentrations. To ensure an oxygen concentration of at least
19%, mass flow controllers and a Daco monitoring and control
system (TSE Systems, Germany) were used to control the input
and exhaust air flows to and from the chamber (26).

The capacity of the nose-only inhalation exposure systems
was validated prior to the in vivo inhalation exposure
investigation. To verify that the concentrations in the aerosols
were within 10% of the target concentrations, the parameters of
test atmosphere in rat breathing zones were measured for 1h
per day for 3 days (simulated exposure). The concentrations of
formaldehyde and benzene series were dynamically monitored
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using a PGM620 pump-suction formaldehyde detector (RAE,
USA) and GC-type gas chromatograph (Shimadzu, Japan).

Neurobehavioral test

After the 28-day inhalation exposure experiment, the rats
were, firstly, tested for their grasping power using the rat and
mouse gripping force tester (Shanghai Ruanxin, Inc. China),
then the multi-condition behavioral system (TSE Systems,
Germany) was used to test the rat’s spontaneous activity in the
open-field test, and finally the Morris The water maze (Anhui
Zhenghua Biology, China) tests the learning and memory
abilities of rats.

Grip strength test

After the inhalation exposure, the grasping force of each
animal was measured. All experiments were conducted in
triplicate for technical replication of each animal. The average
value was taken as the grasping force value.

Open field test

All animals were acclimated in the behavioral testing room
for 1h before the open-field experiment (27). The multi-
condition animal behavior system was used for testing, and the
animals were placed in the open-field experimental box facing
the wall of the experimental box, and after allowing them to
adapt for 5min, the activities of 5min were recorded. After
each animal experiment, the feces in the experimental box were
cleaned up, sprayed with alcohol, and dried with a clean towel to
continue the subsequent experiment.

Morris water maze test

MWM includes place navigation test and spatial probe test,
according to Wang’s team for specific test methods (12). The
experimental period was 7 days. During the experiment, the
animals were fed in the behavioral test room to adapt to the
experimental environment. The animals were put into the pool
from any quadrant on the 1st day of the experiment to swim
for 2 min. Positioning and navigation experiment: a total of 5
days (days 2-6), training every day from 2 p.m. to 5 p.m. Before
the training, put the platform in quadrant IV, put the animals
into the pool from different quadrants facing the pool wall,
and record the time when the animals climb onto the platform
(escape latency); Space exploration experiment: on the 7th day,
remove the platform before the experiment, put the animals into
the pool from quadrant II, and record the residence time of the
animals in the target quadrant (quadrant IV) and the times of
crossing the platform position within 120’s.
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Detection of biomarkers of nerve injury
and general biochemical parameters in
rat serum

After the behavioral test, the rats were put into a CO»
anesthesia box, and 40% CO, was introduced for about 2-5 min
to achieve the anesthesia effect, and then blood was collected
from the abdominal aorta. The collected blood was centrifuged
at 3,000 rpm for 10 min, the upper serum was isolated. The
contents of GFAP, MBP and NF-L in serum of animals in
each group were determined by ELISA test, according to the
instructions of rat GFAP, MBP and NF-L ELISA Kit (Shanghai
enzyme linked Biotechnology Co., Ltd. China). In addition, the
contents of AST, ALT, urea and CREA in serum of animals
in each group were determined by automatic biochemical
analyser (Beckman, USA).

Detection of oxidative stress and
neurotransmitter level in rat brain tissue

The brain tissues of rats in each group were collected, and
normal saline was added at 1:9 to make brain tissue homogenate,
centrifuged at 1,000 rpm for 10min, and the contents of
SOD, CAT, GSH, MDA and Glu in the supernatant were
determined. The SOD, CAT, GSH, MDA and Glu in the rat brain
were detected using commercial kits obtained from Nanjing
Jiancheng Bioengineering Research Institute (China) following
the manufacturer’s instructions. GABA levels in brain tissue
were measured using an enzyme-linked immunosorbent assay.
The detection was carried out according to the instructions of
the rat GABA ELISA kit purchased by Shanghai Enzyme-Linked
Biotechnology Co., Ltd. (China).

Detection of taurine content in rat serum,
brain, liver and kidney tissue

In order to investigate the dose-dependent effects of taurine,
the serum, brain, liver and kidney tissues of rats in each group
were collected to detection of taurine content. Tissue samples
were processed by adding normal saline at a ratio of 1:9 to
make tissue homogenated, and centrifuged at 1,000 rpm for
10 min to obtain supernatant. The detection method was carried
out according to the instruction of taurine (TAU) ELISA kit
(Shanghai Enzyme-Linked Biotechnology Co., Ltd. China).

Histopathological observation

Whole-brain tissue sections of rats in each group (n = 3)
were stained with H&E and Nissl staining. The brain tissue
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Effects of taurine on body weight and water intake of rats exposed to VOCs. (A) The body weight of the rats in each group during the
experiment. (B) The water intake of the rats in each group during the experiment. Data are expressed as mean + SD. (n = 6). a: P < 0.05, VOCs
group vs. control group. b: P < 0.05, VOCs+0.5% taurine group vs. control group. c: P < 0.05, VOCs+1% taurine group vs. control group. d: P <
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was fixed with neutral formalin solution and the paraffin
embedded tissue was used to make 7um paraffin sections.
Some sections were stained with hematoxylin and eosin dyes
(Solarbio, China) for H&E staining, and the other sections were
stained with methyl violet dyes and Nissl differentiation solution
(Solarbio, China) for Nissl staining. Finally, the images were
captured under a microscope (Leica, Germany) after being fully
transparent in anhydrous ethanol to xylene and sealed in a
neutral resin to observe morphological changes and analyze the
number of living neurons in hippocampus (28).

Western blot analysis

The hippocampus was isolated from brains of each
group which washed by 0.9% cold saline on a cold plate
and stored at —80°C for detection, and the tissue was
broken by adding lysate containing the protease inhibitor.
Centrifuge at 12,000 r/min for 15min at 4°C, take the
supernatant, and use BCA kit for protein quantification.
Mix the sample and 5x loading buffer thoroughly at a
ratio of 1:4, and boil in a water bath at 100°C for 5 min.
NMDARI (99 kDa), GAPDH (36 kDa), and BDNF (13
kDa) were separated by 15% SDS-PAGE electrophoresis,
electrotransferred to 0.22 wm PVDF membrane, and blocked
in 5% skim milk at room temperature for 2h. The blocked
membranes were incubated with primary antibody at a
dilution of 1:2000 at 4°C overnight. Then the membranes
were washed three times each in TBST buffer (TBS buffer
containing 0.5% Tween-20) and incubated with 1:4000 diluted
horseradish peroxidase-labeled secondary antibody at room
temperature for 1 h.

After washing with TBST, the membrane was developed with
ECL. Grayscale analysis was performed after taking pictures with
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a protein gel imaging system. Standard control was performed
with GAPDH as an internal referred.

Statistical analysis

All data were distribution and

homogeneous variance. The MWM data were analyzed by

subject to normal

repeated measurement analysis of variance. Significance of the
other data was determined with one-way analysis of variance
(ANOVA) followed by an LSD test for post hoc multiple
comparisons. Inspection level & = 0.05.

Results

Effects of taurine on body weight and
water intake of rats exposed to VOCs

During inhalation exposure, the activities and diet of rats in
each dose group were normal without death. The body weight
and water intake of rats in each group during the experiment
were shown in Figure 1. The results showed no significant
difference in body weight between day 0 and 7 (P > 0.05). In day
14, the significantly lower body weight of rats was observed in
VOCs group and VOCs+0.5% taurine group than that in control
group (P < 0.05), whereas there was no significant difference
between VOCs+1% taurine and control group (P > 0.05). On
day 21 and 28, only the body weight of rats in VOCs group
showed significant difference compared with control group (P
< 0.05), but no significant difference was observed among
other groups (P > 0.05, Figure 1A). From the 1st week to the
3rd week of the experiment, there was no difference in the
water consumption of the rats in each group (P > 0.05), but
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FIGURE 2

Effects of taurine on grasping strength, autonomous activity and exploration behavior of rats exposed to VOCs. (A) Grasping strength. (B) Total
distance. (C) The number of rearing. (D) Time in central area. (E) Total activity time. Data are expressed as mean + SD. (n = 6). a: P < 0.05 vs.
control group. b: P < 0.05 vs. VOCs group. c: P < 0.05 vs. VOCs+0.5% taurine group.

in the 4th week, the water consumption of the rats in the of rats in VOCs group showed a downward trend,
VOCs+1% taurine group was higher than that in the control while taurine slightly recovered autonomous activity and
group (P < 0.05, Figure 1B). exploration behavior.

Effects of taurine on grasping strength, Effects of taurine on learning and
autonomous activity and exploration memory ability of rats exposed to VOCs

behavior of rats exposed to VOCs

In the place navigation test, through repeated measurement

After VOCs exposure, the rats in each group were tested analysis of variance of escape latency data, the results show that
for grasping strength (Figure 2A). The results showed that the the escape latency has a downward trend with the experimental
grasping strength of rats in VOCs and VOCs+0.5% taurine time, and the role of time factors does not vary with different
group decreased significantly, compared with control group (P groups, and the escape latency of each group is not the same as
< 0.05). It showed no significant difference in grasping force a whole (Figure 3A). The results according to one-way ANOVA
between the VOCs+1% taurine group and control group (P > indicated that there was no significant difference in the escape
0.05). The results demonstrated that taurine reversed grasping latency of rats in each group on the 1st day of the test (P > 0.05).
strength of rats exposed to VOCs. On the 2nd day, the escape latency of the VOCs+1% taurine

To figure out the effects of taurine on autonomous group was significantly lower than that of the control and VOCs
activity and exploring behavior in VOC-exposed rats, groups (P < 0.05). On the 3rd day, the escape latency of rats in
we did an open field test. As a result, no significant VOCs group was significantly higher than that in control group
difference was showed in total distance, total activity (P < 0.05), but no significant difference was shown among the
time, time in central area and number of rearing of other three groups (P > 0.05). On the fourth day, VOCs group
rats in each group (P > 0.05, Figures2B-E). Compared showed the significantly higher escape latency of rats than that in
with control group, the total distance and activity time control, VOCs+-0.5% taurine and VOCs+1% taurine groups (P
Frontiersin Veterinary Science frontiersin.org

78


https://doi.org/10.3389/fvets.2022.999040
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Gao et al. 10.3389/fvets.2022.999040
Il Control @ 50 . e
80 I VOCs g %
—_ Bl VOCs+0.5% taurine 5 40 g 5 a . —l—
) N - S
Eso ] ) VOCs+1% taurine g 20 a a T e 4
5 O =
g, . 3 B g8
F i b g% s
§ 1 K e s
ﬁ 20 t; 1 £10 é ;
g =3
[ E 0 Z 0
N v ~ > N - M N < . N
) ) ) ) ) &L (<] & & & (<] @ &
R & S & &S
¢ g\:' ,g\:' &% o
& & & &
¢;
© S o K
D WV I E W I F w | G v !

N/

1 I n

FIGURE 3

Effects of taurine on learning and memory of rats exposed to VOCs. (A) Escape latency. (B) Time in target quadrant. (C) Number of platform
location crossing. (D—G) Movement tracks of rats in control group, VOCs group, VOCs+0.5% taurine group and VOCs+1% taurine group. Data
are expressed as mean + SD. (n = 6). a: P < 0.05 vs. control group. b: P < 0.05 vs. VOCs group. c: P < 0.05 vs. VOCs+0.5% taurine group.

< 0.05), and there was no significant difference among the other
three groups (P > 0.05). On the 5th day, the escape latency of
rats in VOCs group was significantly higher than that in control
group (P < 0.05). There was no significant difference among the
other three groups (P > 0.05).

The results of the spatial probe test were shown in
Figures 3B,C. The time in target quadrant and the number of
platform location crossing of VOCs group and VOCs+0.5%
taurine group were significantly lower than that of the control
group (P < 0.05). There was no significant difference between
the VOCs+1% taurine group and control group (P > 0.05).

It showed the movement trajectories of rats in each group
(Figures 3D-G). The control and VOCs+1% taurine groups
have similar movement trajectories, and the rats can quickly
locate the platform position. Compared with control group,
the trajectories of VOCs and VOCs+0.5% taurine groups were
significantly prolonged.

Effects of taurine on biomarkers of serum
nerve injury and general biochemical
parameters of rats exposed to VOCs

In Figures 4A-C, the contents of GFAP, MBP, and NF-

L in VOCs group were significantly higher than those in
control group (P < 0.05). There was no difference in the
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contents of GFAP and NF-L between VOCs group and
VOCs+0.5% taurine group (P > 0.05). The contents of
GFAP, MBP, and NF-L in serum of the VOCs+1% taurine
group were not different from those in control group (P
> 0.05), but lower than those in VOCs group (P < 0.05).
Furthermore, we tested serum biochemical parameters that
reflect liver and kidney function. The results showed that
compared with control group, the serum urea, CREA, ALT and
AST of VOCs group were significantly increased (P < 0.05,
Figures 4D-G). The urea and ALT content in serum of rats
in VOCs+0.5% taurine and VOCs+1% taurine groups were
lower than that in VOCs group (P < 0.05, Figures 4D,F), and
there was no significant difference compared to the control
group (P > 0.05). Although the CREA and AST content
of VOCs+0.5% taurine and VOCs+1% taurine groups were
lower than that of VOCs group (P < 0.05), only VOCs+1%
taurine group had no significant difference with the control
group (P > 0.05, Figures 4E,G).

Effects of taurine on oxidative stress level
in brain tissue of rats exposed to VOCs

To investigate whether taurine mitigated VOCs-induced

lipid peroxidation damage, the antioxidant enzymes SOD, CAT,
GSH and lipid peroxidation product MDA in the antioxidant
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FIGURE 4

Effects of taurine on biomarkers of serum nerve injury and general biochemical parameters caused by VOCs in rats. (A) Contents of GFAP in rat
serum. (B) Contents of MBP in rat serum. (C) Contents of NF-L in rat serum. (D) Contents of UREA in rat serum. (E) Contents of CREA in rat
serum. (F) Contents of ALT in rat serum. (G) Contents of AST in rat serum. Data are expressed as mean =+ SD. (n = 6). a: P < 0.05 vs. control
group. b: P < 0.05 vs. VOCs group. c: P < 0.05 vs. VOCs+0.5% taurine group.

system were measured. The results were shown in Figure 5.
Compared with control group, MDA was increased in VOCs
group, while SOD, GSH and CAT activities were decreased (P <
0.05). The MDA content in brain tissues of rats in VOCs+0.5%
taurine and VOCs+1% taurine groups was lower than that in
VOCs group (P < 0.05), and there was no significant difference
between VOCs+1% taurine and control groups (P > 0.05,
Figure 5A). Rats in the VOCs+1% taurine group had higher
SOD activity and GSH concentration in brain tissue than rats in
the VOCs group (P < 0.05, Figures 5B,C). However, there was no
significant difference in CAT activity between 1% taurine group
and the VOCs group (P > 0.05, Figure 5D).

Effects of taurine on neurotransmitters in
brain tissue of rats exposed to VOCs

The contents of Glu and GABA in rat brain tissues of each
group were shown in Figure 6. Glu was found to be considerably
lower in the VOCs and VOCs+0.5% taurine groups compared
to the control group, but GABA concentration was significantly
higher (P < 0.05). Glu was significant higher in the VOCs+1%
taurine group compared to VOCs and VOCs+0.5% taurine
groups (P < 0.05), and GABA was lower in the VOCs+1%
taurine group (P < 0.05), but there was no significant difference
with control group (P > 0.05).
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Changes of taurine content in the serum,
brain, liver, and kidney tissue of rats
exposed to VOCs

We further examined taurine levels in serum, brain, liver
and kidney tissues to investigate the dose-dependent effects
of taurine. The results showed that there was no significant
difference in serum taurine content of each group (P > 0.05,
Figure 7A). However, taurine content in brain, liver and kidney
of VOCs group was significantly lower than that of control
group. Compared with VOCs and VOCs+0.5% taurine group,
taurine content in these tissues was significantly increased in
VOCs+1% taurine group (P < 0.05, Figures 7B-D).

Effects of taurine on the hippocampus of
rats exposed to VOCs

The effects of taurine on VOCs-induced hippocampal
neuron injury in rats were investigated by H&E and Nissl
staining. Nissl staining showed that neurons in the hippocampus
of control group (Figure 8A) were neatly arranged. In VOCs
group (Figure 8B), nerve cells in the hippocampal area
were scattered and stained slightly. After 0.5% and 1%
taurine intervention (Figures 8C,D), the neurons showed
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0.05 vs. VOCs group. c: P < 0.05 vs. VOCs+0.5% taurine group.

Effects of taurine on oxidative stress level in brain tissue of rats exposed to VOCs. (A) MDA content in brain tissue. (B) SOD activity in brain tissue.
(C) GSH content in brain tissue. (D) CAT activity in brain tissue. Data are expressed as mean £ SD (n = 6). a: P < 0.05 vs. control group. b: P <
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VOCs+0.5% taurine group.
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Changes of taurine content in the serum, brain, liver and kidney tissue of rats exposed to VOCs. (A) Taurine content in rat serum. (B) Taurine
content in rat brain. (C) Taurine content in rat kidney. (D) Taurine content in rat liver. Data are expressed as mean £ SD. (n = 6). a: P < 0.05 vs.
control group. b: P < 0.05 vs. VOCs group. c: P < 0.05 vs. VOCs+0.5% taurine group.
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darker staining. H&E staining showed regular arrangement
of cells in the hippocampus of rats in control group
(Figure 8E). The number of neurons in the hippocampus
of rats in VOCs group (Figure 8F) decreased and arranged
irregularly. Taurine intervention improved hippocampal nerve
injury in VOCs+4-0.5%taurine and VOCs+1%taurine groups
(Figures 8G,H). Compared with VOCs group, the number of
viable neurons in the hippocampal CAIl region of rats in
VOCs+1%taurine group (Figure 8I) (P < 0.05) increased with
regular arrangement.

Effects of taurine on BDNF and NMDAR1
protein expression in hippocampus of
rats exposed to VOCs

The protein expressions of BDNF and NMDA receptor were
evaluated using the western blotting technique to investigate the

Frontiersin Veterinary Science

protective effects of taurine. Compared to the control group,
BDNF expression was shown to be significantly lower in the
VOCs group (P < 0.05, Figure 9). Treatment with 1% taurine
significantly upregulated BDNF protein expression in VOCs-
exposed rats (P < 0.05), while 0.5% taurine did not (P >
0.05, Figure 9B). The NMDARI protein expression level was
found significantly decreased in VOCs and VOCs+-0.5% taurine
group (P < 0.05). Following 1% taurine treatment, there was a
significant activation of NMDARI protein expression compared
with the VOCs group (P < 0.05, Figure 9C).

Discussion

Taurine has antioxidant and neuroprotective properties (29,
30). Dietary supplementation of taurine has been recognized
to improve neurological abnormalities and promote health
in infants and children (31). It is particularly prevalent in
the developing brain, where it regulates neural progenitor

frontiersin.org


https://doi.org/10.3389/fvets.2022.999040
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Gao et al. 10.3389/fvets.2022.999040

8

3

£s
e
23
30
2
ER
3
5g
zZzT
2c
£

°

FIGURE 8

Effects of taurine on the hippocampus of rats exposed to VOCs. (A) control group (Nissl staining, x400). (B) VOCs group (Nissl staining, x400).
(C) VOCs+0.5% taurine group (Nissl staining, x400). (D) VOCs+1% taurine group (Nissl staining, x400). (E) control group (H&E, x400). (F) VOCs
group (H&E, x400). (G) VOCs+0.5% taurine group (H&E, x400). (H) VOCs+1% taurine group (H&E, x400). (1) The number of living neurons in
hippocampal CA1 region. Data are expressed as mean =+ SD. (n = 3). a: P < 0.05 vs. control group. b: P < 0.05 vs. VOCs group. c: P < 0.05 vs.
VOCs+0.5% taurine group. The red arrow indicates damaged neuronal cells.
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FIGURE 9

Effects of taurine on BDNF and NMDAR1 protein expression in hippocampus of rats exposed to VOCs. (A) Western blot analyses of BDNF and
NMDAR1 proteins. GAPDH served as a loading control. (B) Western blots analysis showing the effect of taurine on BDNF protein expression
level. (C) Western blots analysis showing the effect of taurine on NMDAR1 protein expression level. Data are expressed as mean + SD. (n = 3). a:
P < 0.05 vs. control group. b: P < 0.05 vs. VOCs group. c: P < 0.05 vs. VOCs+0.5% taurine group.
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cell proliferation and synaptic formation throughout fetal
and neonatal development (32). In this study, we used the
formaldehyde, benzene, toluene, xylene mixture of liquid
aerosols acting inhaled infected were cognitie impairment model
is established, from the nerve behavior, nerve damage markers,
oxidative stress and neurotransmitter protein expression etc.
Comprehensive study of the taurine to improve the effectiveness
of VOCs to her pups cognitie impairment. And we found that
taurine protected against VOCs-induced cognitive-behavioral
impairment in young rats through inhibiting oxidative stress
and regulating neurotransmitter homeostasis. In addition,
taurine were capable of restoring abilities of learning and
memory in young rats exposed to VOCs by activating the
NMDA receptor. This study confirmed the potential protective
effect of taurine on VOCs-induced cognitive impairment in
young rats, which is of great significance for taurine to
improve children’s intelligence and cognitive ability through
dietary approach.

Animal body weight, food intake, and water consumption
are all critical indicators of bodily system toxicity. The weight
and food intake of rats in the model group dropped in
varied degrees from 2 to 4 weeks after exposure, resulting in
delayed weight gain, as compared to the blank control group.
However, as compared to the blank control group, the 1%
taurine intervention group’s weight and food intake remained
unchanged. We found that at week 4, the water intake of the
1% taurine intervention group was slightly higher than that
of the control group. It was considered that the body could
adjust its physiological function recovery by increasing the
intake of taurine after exposure to VOCs and formaldehyde
mixed inhalation.

Grasp control is closely related to the central nervous system,
and is often used to study the neuromuscular function of
rodents. Grasping change is an important evidence of motor
neurotoxicity. Some scholars have found that subchronic low-
dose VOCs exposure damages neuromuscular function in mice
(12), which is consistent with our findings. In this experiment,
the grasping force of rats in the model group was considerably
lower than that of rats in the control group, showing that
rats’ neuromuscular function was harmed by subacute exposure
to VOCs. However, the high-dose taurine intervention group
and the control group had the same gripping force, indicating
that a 1% taurine intervention can effectively restore the
neuromuscular function loss caused by VOCs in rats. In our
further study on spontaneous activity and the exploratory
behavior, we found that activity time and distance of young
rats in the model group were reduced to some extent compared
with 1% taurine intervention group and control group. The
results indicated that taurine could reverse spontaneous activity
and exploration behavior in VOCs damaged rats, but the
improvement effect was not significant. At present, a study
conducted Morris water maze behavioral test on VOCs modeled
animals and found that the escape latency of mice significantly
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increased and the residence time in the target quadrant
decreased after acute or long-term inhalation of VOCs (12).
The Morris Water Maze results of this study show that: Model
group rats time find the platform, through the platform of the
times, stay time in the target quadrant are lower than the control
group, shows that VOCs subacute exposure affects the ability
of learning and memory of rats, the water intake of taurine
intervene and found that 1% taurine intervention group of rats
and control rats trajectory is roughly same, can quickly find the
platform position. In general, through the analysis of behavioral
test results, taurine has a significant improvement effect on
VOCs-induced cognitive behavioral damage in young rats.

Serum GFAP, MBP and NF-L are important biomarkers
of nervous system injury, which are often used to determine
the degree of nervous system injury. GFAP is an intermediate
filament involved in astrocyte cytoskeleton construction and is
also a central nervous expression protein (33). MBP is the main
protein of myelin in central nervous system and is involved in
myelin structural proteins (34). NF-L is mainly expressed in
axon white matter and is the main component of cytoskeleton.
Under normal physiological conditions, these three substances
mainly exist in the central nervous system (35). When the
nervous system is damaged, GFAP, MBP and NF-L can cross the
blood-brain barrier and enter the blood, resulting in increased
blood content. In this study, the levels of GFAP, MBP, and
NE-L in the serum of rats in the VOCs model group were
higher than in the control group, demonstrating that high-dose
VOC exposure can cause nervous system injury in young rats.
Meanwhile, we found that the abnormally elevated biomarkers
of nerve damage in serum of rats in the 1% taurine intervention
group could be restored to the normal level. However, the
specific mechanism is unclear and needs further study. It has
been reported that taurine has liver and kidney protective effects
against the harmful effects of a variety of exogenous substances
(36, 37). Meantime, VOCs may have toxicity not only in brain
but in many other tissues, especially liver and kidney. Therefore,
through further check general blood biochemical parameters,
we found that the rats in the VOCs+1% taurine group showed
significant recovery in serum AST, ALT, UREA and CREA
compared with those in the VOCs model group, but not obvious
by 0.5% taurine. We speculate that the effect of taurine in
peripheral may partly contribute to the action of taurine against
brain damage.

Taurine is a key modulator of homeostasis that has a
number of roles in providing protection against oxidative
stress. Taurine has been demonstrated to protect cultured cells,
organs, and mammals from the harmful effects of oxidative
stress caused by a wide range of chemicals, such as Arsenic,
carbon tetrachloride, Nitrogen content, arsenide, Endosulfan,
cisplatin, adriamycin, Streptozotocin, Bisphenol A, etc. Harmful
consequences of oxidative stress (38, 39). According to in vitro
and in vivo studies, taurine’s neuroprotective potential is due
to its antioxidant action in the brain (40). Studies on the
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neuroprotective mechanism of taurine mainly focus on the
activities of acetylcholinesterase and antioxidant enzyme, as well
as scavenging oxygen-free radicals and enhancing antioxidant
stress ability by preventing the increase of hydrogen peroxide
and lipid peroxide levels in animal brain tissues caused by toxic
and harmful substances (29, 41, 42). Therefore, we assessed
the effect of taurine on VOCs-induced oxidative stress levels.
The results found that exposure to MDA content in rats
tissue levels of VOCs, endogenous antioxidant GSH content
is reduced, this may be due to too many free radicals can’t
get the enzymes GSH antioxidant substances removal, cause
lipid peroxidation, and thus the increase of lipid peroxidation
products MDA, lipid peroxidation damage, Taurine treatment
significantly prevented oxidative damage to the brain. Taurine
was found to considerably reduce the lipid peroxidation
damage caused by VOCs in this investigation. Taurine also
enhanced the involvement of the antioxidant enzyme SOD in
an attempt to combat VOCs-induced oxidative stress, but the
effect was not obvious. In addition, histopathology showed that
taurine significantly hindered the progression of brain tissue
injury, and the effect was most obvious in the 1% taurine
intervention group. This may be because the resistance of brain
tissue to morphological injury is related to the restoration of
antioxidant system.

Oxidative stress subsequently enhances proinflammatory
factor release through activation of B cell activator (NEF-
kB pathway). Changes in the release of neurotransmitters
such as Glutamate, neuropeptides, and growth factors are
caused by high amounts of pro-inflammatory cytokines,
resulting in neuroanxiety and depression (43). BDNF is
an important neurotrophic factor that promotes neuronal
development, differentiation, survival, and the creation of
long-term memories. There is a large amount of evidence
for the role of BDNF in the pathogenesis of behavioral
disorders (44). It has been proved that by stimulating the
PKA-CREB-BDNF signaling pathway in vitro, taurine can
accelerate neural stem cell differentiation into neurons, raise
the ratio of neurons to glial cells, and inhibit gliosis (45). The
endocrine system and cerebral development are disrupted by
hexabromocyclododecanes (HBCDs), which impairs cognitive
function further. Taurine increases protein expression of BDNF
and NGE, Significantly improved cognitive impairment caused
by HBCDs in developing rats (46). This study also found that
1% taurine treatment can significantly improve VOCs-induced
cognitive impairment in young rats by upregulating the protein
expression of BDNF. In this VOCs model, we found that the
endogenous taurine content in the brain, liver and kidney tissue
were significantly reduced. Results showed that the taurine
content in the brain, liver and kidney tissue was increased
obviously after exogenous 1% taurine supplementation, and
with the increase of taurine level, the taurine content in tissues
increased in a dose-dependent effect. Therefore, it is believed
that 1% taurine treatment may recover the change in taurine

Frontiersin Veterinary Science

85

10.3389/fvets.2022.999040

content in the brain, liver and kidney tissues and ameliorate the
defects induced by VOCs, but not enough by 0.5%.

Central nervous system toxicity usually occurs in an
imbalance between excitatory and inhibitory neurotransmitters.
Neurotransmitters act as signaling molecules that carry signals
from neurons to target cells and regulate a variety of
biological processes and behaviors. Glu and GABA are typical
neurotransmitters that are important for learning and memory
(47). Past studies showed that a low Glu/GABA ratio can cause
learning and memory problems (48, 49). The destruction of
Glu and GABA balance may be an important pathway for
impaired learning and memory (50). In this study, Glu content
decreased and GABA content increased in rats brain tissue after
VOCs exposure, suggesting that neurotransmitter homeostasis
was disrupted and thus impaired learning and memory. Taurine
significantly improved the VOCs-induced imbalance of Glu and
GABA, suggesting that taurine could play a neuroprotective
role by affecting the balance of Glu and GABA. The role of
taurine in the central nervous system is largely determined
by complex interactions in the Glu/GABA system and NMDA
receptors (51). In vertebrate central nerves, ionic Glutamate
receptors (iGluRs) are ligand-gated ion channels that mediate
most excitatory neurotransmission. The key drivers of synaptic
plasticity are NMDA receptors, which are major members of
the iGluR family. They are commonly recognized as the main
cellular matrix for learning and memory (52). NMDARI is a
functional subunit of the NMDA receptor that is involved in
synaptic plasticity, memory, and learning. Studies have shown
that deletion of the NMDARI gene leads to deficits in social
memory in CA3 pyramidal cells (53). Abnormal activation of
extracellular NMDA receptor subunits may lead to elevated
extracellular Glutamate levels and reduced reuptake, leading
to neuronal damage (54). Studies have shown that short-
term inhalation of high-dose VOCs mixtures affects learning
and memory performance and expression of NMDA receptor
subunits in mice (16). Taurine is a weak agonist of NMDA
receptor (55). Taurine has been found to protect nervous system
and cognitive function by activating GABAA receptors and
NMDA receptors in animal models of lead poisoning (56).
The expression of NMDARI protein in the hippocampus of
rats in the VOCs group was shown to be lower in this study,
which could be one of the fundamental mechanisms of VOCs
affecting learning and memory. Taurine supplementation can
considerably reduce the VOCs-induced reduction in NMDARI
protein expression, improve rat learning and memory, and
safeguard nervous system function.

Conclusion

In summary, this study demonstrated that 1% taurine
treatment ameliorated cognitive impairment caused by VOCs
in young rats. Taurine protects nerve injury by down-regulating
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GFAP, MBP and NF-L levels in serum and up-regulating
BDNF protein expression in brain tissue, thus improving
neurobehavioral function. Further, taurine ameliorates lipid
peroxidation damage in the nervous system by preventing the
VOCs-induced elevation of MDA levels in rat brain tissue.
In addition, taurine can restore learning and memory ability
and neurological damage in young rats exposed to VOCs by
regulating imbalance of Glu/GABA system and activating the
NMDA receptor. This study demonstrates taurine as a potential
novel drug for the treatment of cognitive behavioral disorders
especially in children.
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Shenzhen, Chinese Academy of Agricultural Sciences, Shenzhen, China

The present study was designed to evaluate the association of polymorphisms
in bovine trafficking protein particle complex subunit 9 (TRAPPC9) and cluster
of differentiation 4 (CD4) genes with milk production and mastitis resistance
phenotypic traits in a different cattle population. Three single nucleotide
polymorphisms (SNPs) (SNP1 Position: Chr14:2484891, SNP2 (rs110017379),
SNP3 Position: Chr14:2525852) in bovine TRAPPC9 and one SNP (Position:
Chr5:104010752) in CD4 were screened through Chinese Cow’s SNPs Chip-I
(CCSC-Il) and genotyped in a population of 312 Chinese Holsteins (156:
Mastitis, 156: Healthy). The results were analyzed using the general linear
model in SAS 9.4. Our analysis revealed that milk protein percentage, somatic
cell count (SCC), somatic cell score (SCS), serum cytokines interleukin 6 (IL-6)
and interferon-gamma (IFN-vy) were significantly (P < 0.05) associated with at
least one or more identified SNPs of TRAPPC9 and CD4 genes. Furthermore,
the expression status of SNPs in CD4 and TRAPPC9 genes were verified through
RT-gPCR. The expression analysis showed that genotypes GG in SNP3 of
TRAPPC9 and TT genotype in SNP4 of CD4 showed higher expression level
compared to other genotypes. The GG genotype in SNP2 and TT genotype in
SNP3 of TRAPPC9 were associated with higher bovine milk SCC and lower IL6.
Altogether, our findings suggested that the SNPs of TRAPPC9 and CD4 genes
could be useful genetic markers in selection for milk protein improvement
and mastitis resistance phenotypic traits in dairy cattle. The CCSC-I| used in
current study is proposed to be validate in different and large population of
dairy cattle not only in China but also in other countries. Moreover, our analyses
recommended that besides SCC and SCS, the association of genetic markers
could also be considered with the serum cytokines (IL-6, IFN-y) while selecting
genetically mastitis resistance dairy cattle.

Chinese Holstein, milk protein, mastitis, SNP, CD4, TRAPPC9
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Introduction

Bovine mastitis is the inflammation of udder tissues with
a marked decrease in milk quantity and quality in dairy cattle
(1, 2). Bovine mastitis is one of the most costly diseases affecting
dairy cattle’s health and welfare globally (3, 4). This disease
caused around $2 billion in losses to the US dairy industry
annually (5). Because of mammary gland inflammation, the
polymorphonuclear leukocytes from blood rush toward the
site and results in a marked increase in milk’s somatic cells
content (6).

The somatic cell count (SCC) and somatic cell score (SCS)
are the key indicators for susceptibility and resistance of a cow
to mastitis (7-10). Due to the positive genetic correlation (0.4-
0.8) between mastitis and SCC or SCS (11, 12), the strategy to
minimize the risk of this disease by selecting dairy cattle against
higher SCS is a worthy approach. However, the SCC and SCS
are not constant and are influenced by many environmental
factors (13, 14); therefore, in current research, we targeted serum
cytokines (IL-6 and IFN-y) in combination with SCC and SCS as
mastitis resistance phenotypic traits.

Cytokines have dual nature, i.e., either activate or repress
the inflammatory response and thus play a vital role in mastitis
development (15). In addition, the increased levels of IFN-vy,
IL-6 and IL-17 have been documented in acute mastitis (16).
Consistently, a study showed that the detection of IL-6 in milk
indicated subclinical mastitis earlier than SCC (17). Although
the mentioned phenotypic traits are good indicators of mastitis,
however, due to low heritability, mastitis resistance will yet be
a challenge for animal breeders (18). Therefore, the association
of mastitis resistance phenotypic traits with a polymorphism in
genes is the research of interest in the modern dairy industry for
control of mastitis.

The researchers rely on a marker-assisted selection strategy
for mastitis resistance (19, 20). The candidate gene approach,
which takes in account of SNPs in the genes that are associated
with these traits, is a widely used method to control mastitis (19).
Being quantitative traits, mastitis and milk production traits are
controlled by many genes (21). The TRAPPC9 and CD4 are
the key genes that play an important role in developing innate
immunity and milk production traits.

The TRAPPCY gene, residing on bovine chromosome
14 is the vital member of the nuclear factor kappa B (NF-
kB) family which has an essential role in inflammation and
innate immunity (22-24). The elevated level of TRAPPC9
gene enhances the activity of NF-kB signaling during
mastitis development in dairy cattle (22). The associations
of polymorphisms in CD4 and TRAPPC9 genes with milk
production and mastitis resistance traits have been documented
in previous reports (2, 25-27). Similarly, our in our previous
study by using transcriptomic screening, we reported that
TRAPPCY gene was significantly associated with milk SCC
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and bovine mastitis susceptibility (28). Recently, a study have
reported the association of TRAPPCY gene with milk fat and
immunity in Ayrshire and Jersey dairy cattle (29). In addition,
the increase in milk CD4+ T cells was documented to be
correlated with non-specific mastitis which suggested their link
with low bacterial shedding (30).

Keeping in view the importance of these two immunity-
(TRAPPCY, CD4); we selected three
polymorphisms (SNP1 Position: Chrl14:2484891, SNP2
(rs110017379), SNP3 Position: Chrl14:2525852) in bovine
TRAPPC9 and one SNP (Position: Chr5:104010752) in CD4
from our previous studies and validate them in a new and large

associated genes

Chinese Holstein population. For this purpose, these SNPs in
TRAPPC9 and CD4 genes were detected by a new technique,
i.e., Chinese Cow’s SNPs Chip-I (CCSC-I) and genotyped in
a different and a bit larger Chinese Holsteins population to
explore their association with mastitis resistance and milk
production phenotypic traits.

Materials and methods

Ethical statement

All animal procedures were performed according to the
regulation approved by the ethical committee of the College of
Animal Science and Technology, China Agriculture University,
Beijing, PR China [Permission number: DK996]. All the data
was collected from China Agriculture University dairy farm and
no consent was needed from farmers.

Sample size and collection

We randomly selected a total of 312 Chinese Holstein cows
(156: Mastitis, 156: Healthy) in parities ranging 1-3 from a
single dairy farm in Beijing China. In addition, based on SCC
level, the cows were confirmed as mastatic (cattle with SCC
higher than 200,000/ml) or healthy (cattle with SCC lower than
200,000/ml). The blood samples were collected from the caudal
vein of all the selected population of Chinese Holsteins in 9 mL
of 3 tubes including one each for DNA extraction (EDTA coated
tube), RNA extraction, and serum isolation (non-EDTA tube).
For serum isolation, the blood samples were placed at room
temperature for 30 min to enable blood coagulation and then
centrifuged at 3,000 rpm for 10 min to separate serum. The
serum samples were stored at 4°C and sent to the Beijing
Huaying Biological Technology Research Institute within 24 h
to detect the concentration of IL-6 and IFN-y. The milk SCC
data were obtained from the Beijing Jinyindao Dairy Farm data
record section, while SCS was calculated using the formula: SCS
=log2 (SCC/ 100,000) + 3.
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DNA extraction, SNP identification and
genotyping

Genomic DNA was isolated from blood samples of 312
Chinese Holstein using Tiangen Blood DNA Kit (Tiangen
Biotech Co., China) following the manufacturer’s instructions.
The quantity and quality of DNA were measured using
NanoDrop ND-2000c Spectrophotometer (Thermo Scientific,
Chelmsford, MA, USA) and gel After
confirmation of quality and quantity, all the DNA samples

electrophoresis.

were sent to Capital Bio Technology Co., Ltd, Beijing, China,
for identification of SNPs and genotyping with Chinese Cow’s
SNPs Chip-I. The selected SNPs in TRAPPCY and CD4 genes
were genotyped in the different and bit large population of 312
Chinese Holstein.

RNA isolation and purification

Total RNA extraction from the Holstein cattle’s white blood
cells was carried out through the standard TRIzol method
(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s
protocols. RNase-Free DNase Set (QIAGEN) was used to purify
RNA and to ensure genomic DNA elimination. The quantity
and quality of RNA were measured by using a NanoDropTM
ND-2000c Spectrophotometer (Thermo Scientific, Inc.), and the
integrity of RNA was monitored on 1% agarose gel.

Reverse transcription and primer design

According to the manufacturers instructions, reverse
transcription was performed using PrimeScript 1st Strand cDNA
Synthesis kit (TaKaRa, Dalian, China). The PCR primers for
the bovine CD4, TRAPPCY, and a housekeeping gene GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) were designed by
Primer-Blast on NCBI and synthesized by Beijing Genomics
Institute Tech, based on the golden rules for real-time reverse
transcription PCR (RT-PCR). The amplification efficiency of
these primer pairs was tested by RT-qPCR initially, and
the mRNA expression of the two genes was normalized
against the housekeeping gene GAPDH by the ¢cDNA in the
corresponding samples. Three pairs of primers designed for
GAPDH, TRAPPCY, and CD4 are given in Table 1. For mRNA
expression analysis, four samples for each SNP were run
in triplicate.

Gene expression analysis by RT-QPCR
Real-time quantitative polymerase chain reaction (RT-

qPCR) was performed to determine TRAPPC9 and CD4 genes
expression levels. The reactions were performed in a total
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TABLE 1 Detail of PCR primers of qRT-PCR used in the study.

Primers Sequence of primers

CD4 F: 5-CCACTGGGACCTGAGGTGTC-3
R: 5-GCATCACCACACCAATTCA-3’

TRAPPC9 F: 5-CTGCTCCGCTCGGTGAATGAC-3
R:5’- CGTTCTCTGCCTTGACTGTG-3’

GAPDH F: 5-CCCTGAGACAAGATGGTGAAG-3’

R:5-CATGTAGTGAAGGTCAATGAAG-3

volume of 20 wL containing 2 wL ¢cDNA, 1 pL each primer, 10
nL SYBR Green Master Mix (Roche, Penzberg, Germany), 6 L
nuclease-free water using the following amplification condition:
94°C for 10 min, followed by 44 cycles of 94°C for 155, 60°C
for 10, 72°C for 10s, and 72°C for 30s. Fluorescence signals
were collected at 60°C step. Mean was consequential from the
two repeats for each sample. Light Cycler 480 RT-PCR system
was used to perform amplification, detection and data analyses.

Statistical analysis

The allele and genotype frequencies were tested for
deviations from proportions of Hardy-Weinberg equilibrium
(HWE) by using Chi-square test (x 2). The association analysis of
SNPs in TRAPPC9 and CD4 with milk production and mastitis-
related traits were carried out by the least-squares method as
applied in the GLM procedure of SAS (SAS Institute Inc., Cary,
NC, USA) according to the following linear model.

Pijkn=H + fit-Pjt+ NPk Cijkn

where Py, indicates mastitis traits (SCC, SCS or serum
concentration of cytokine IL-6 and IFN-y) or milk production
traits (fat percentage or protein percentage), it is overall mean, f;
is the fixed effect of the farm, pj is the fixed effect of parity, snpy
is the fixed effect of genotype, e;jk,, is the random residual error.

The estimated genotype effects were further divided into
additive effect (A) and dominant effect (D). The additive effect
was the mean deviation of two homozygous genotypes (Formula
1), and the dominant influence was calculated by the deviation
of the heterozygous genotype from the mean of two homozygous
genotypes (Formula 2) (31).

A = (AA — BB)/2 (Formula 1)
D = AB — (AA + BB)/2 (Formula 2)

Where, AA, AB and BB were least square means of genotype
AA, AB and BB, respectively.

Student ¢-test was performed for RT-qPCR analyses for the
comparison of mRNA expression levels of different genotypes of
SNPs in the two genes (TRAPPC9 and CD4).
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Results

The SNPs information, identification and
genotyping

Three SNPs in TRAPPC9 and one SNP from CD4 gene were
screened through CCSC-I (10) and genotyped in a total of 312
(156: Mastitis, 156: Healthy) Chinese Holstein population. It
was found that except the SNP1, all SNPs’ allele and genotypic
frequencies were in Hardy-Weinberg equilibrium (P > 0.05).
The observations, genotypic and allelic frequencies and values
of Chi-square test (x2) of the selected SNPs in the present study
are summarized in Table 2.

Association of mutations in TRAPPC9 and
CD4 genes with milk production and
mastitis resistance phenotypic traits

The association of three SNPs in TRAPPC9 was evaluated
with milk production and mastitis resistance traits. Our findings
illustrated that SNP1 was significantly associated with milk
protein, the SNP2 at position A/G 2607583 linked notably with
SCS (P < 0.05), whereas the SNP3 (T/G 2525852) with SCC,
SCS, and serum cytokine IL-6 (P < 0.05). Additionally, the
association analysis revealed that the SNP in the CD4 gene
(104010752C/T) did not show any link with milk production
traits, however, revealed a significant association with IFN-y and
IL-6 (P < 0.05). Finally, the association analysis showed that
the genotypes GG in SNP3 and homozygous TT (SNP4) were
significantly associated with low SCC, SCS and a higher level of
IL-6 (Table 3). Similarly, the analyses revealed that genotypes TT
(SNP3) and CC (SNP4) were associated with low IL-6 and high
SCC level, which make the dairy cattle more vulnerable to the
mastitis development.

Additive and dominant effect of
polymorphism in TRAPPC9 and CD4
genes on milk production and mastitis
resistance phenotypic traits

The additive and dominant effect of SNPs in CD4 and
TRAPPCY genes are summarized in Table 4. The current
association analysis for the additive and dominant effect of
polymorphisms (SNP1, SNP2, SNP3and SNP4) revealed that
dominant effect of SNPI is significantly (P < 0.05) associated
with milk protein, whereas SNP3 showed a significant additive
effect on SCC, SCS and IL-6 (P < 0.05). Similarly, the additive
effect of SNP2 was significantly associated with SCS and the
SNP4 in CD4 was correlated with IFN-y and IL-6 (P < 0.05)
(Table 4).
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The MRNA relative expression assays of
genotypes of SNPs in TRAPPC9 and CD4
genes

The expression level of mutations in the TRAPPCY and CD4
genes was measured by real-time quantitative PCR. The analysis
showed that the relative mRNA expression of AA genotype
in SNP2 had higher expression compared to GG and AG
genotypes in the TRAPPCY gene. Similarly, the GG genotype in
SNP3 in TRAPPC9 demonstrated significantly higher expression
than TG genotype in the given Chinese Holsteins dairy cattle
population (Figure 1A, P < 0.05). Moreover, the genotype TT’s
mRNA expression level was comparatively higher than CC and
CT genotypes in the SNP4 of CD4 gene (Figure 1B).

Discussion

Recently, single nucleotide polymorphisms in many genes
have been found to be associated with milk production and
mastitis resistance traits suggesting that these variants could
be used as potential genetic markers in modern breeding
schemes for the improvement of production and increasing
resistance to mastitis. In the present study, the polymorphisms
in TRAPPC9 and CD4 genes that cause variation in the
economic and health traits (milk production and mastitis
resistance phenotypic traits) were selected from our previous
studies and analyzed for validation in a new and larger
population by using CCSC-I. To our knowledge, this is
the first study in which we practically applied CCSC-I in
mastitis resistance research. Bovine SNP Chip’s application was
previously used by Mullen and his co-workers in 2013 for
dairy and beef production research (32). Similarly, a research
study has also reported that SNP Chip is a cost and time-
effective approach for implementing genomic selection in
livestock (33). Keeping in view the importance of the SNP
Chip from various published studies we used this technique
in the present study to validate the role of the significant
variants from our previous studies in CD4 and TRAPPC9
genes for production and mastitis resistance traits. Our research
team reported in previous studies that SNPs at position
2484891 C/T, 2525852 T/G and 2607583 A/G in TRAPPC9
were associated with milk protein and fat percentages (34). In
contrast, polymorphism at position 2525852 T/G (TRAPPC9)
did not show any link with milk contents (35). Furthermore,
the mutation (2607583 A/G) was noticed to be associated with
SCS, while the SNPs at position 2484891 C/T, and 2525852
T/G were linked to IL-6 and IFN-y, respectively, however
no correlation of 2607583 A/G in TRAPPC9 gene was found
with SCC, SCS and serum cytokines (IL-6 and IFN-y) (36).
In comparison, we found that the SNP (2484891 C/T) was
linked to protein percentage, whereas the polymorphisms
2525852 T/G and 2607583 A/G were associated with IL-6,
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TABLE 2 The information of single nucleotide polymorphisms and their Allelic and genotypic frequencies in TRAPPC9 and CD4 genes.

SNP (Gene) Mutation Reference Position Genotypes Allelic frequency Genotypic frequency

SNP1 C-T/Exon2 Novel Chr14:2484891 CC(303) 0.974277 C(0.98)

(TRAPPC9) CT(3) 0.009646 T(0.02)
TC(5) 0.016077

SNP2 A/IG 15110017379 Chr14: 2607583 AA(122) 0.391026 A(0.62)

(TRAPPC9) AG(144) 0.461538 G(0.38)
GG (46) 0.147436

SNP3 T-G/Intron6 Novel Chr14:2525852 TT(64) 0.205128 T(0.46)

(TRAPPCY9) TG(158) 0.50641 G(0.54)
GG(90) 0.288462

SNP4 C/T Promoter Novel Chr5:104010752 CC(148) 0.48 C(0.70)

(CD49) CT(141) 045 T(0.30)
TT(23) 0.07

TABLE 3 Association of SNPs in TRAPPC9 and CD4 genes on SCC, SCS, milk production, and serum cytokines traits in Chinese Holsteins.

SNP Genotype Fat (%) Protein (%) IL-6 IFN-y SCC SCS
SNP1 CC(303) 4.09 £ 0.05 2.93£0.15 67.19 + 1.43 96.43 + 1.12 330.98 + 39.93 2.60 £ 0.15
(TRAPPC9) CT(3) 4434053 3.824£0.18 57.58 + 16.83 107.23 £ 13.22 40.66 = 400.05 1.69 4 1.46
TC(5) 4444041 2.91+0.15 77.18 £ 11.90 100.71 £ 9.35 162.2 4 309.87 2.80 £ 1.13
P-value 0.57 < 0.00017+ 0.59 0.65 0.67 0.81
SNP2 AA(122) 4.08 £ 0.08 3.05 +0.03 70.03 + 2.23 9528 + 1.75 219.87 + 62.23 2.08 £ 0.23
(TRAPPC9) AG(144) 412+ 0.07 3.06 = 0.02 65.62 + 2.08 98.65 + 1.64 37536 + 57.68 2.87+£0.21
GG (46) 4.08 4 0.13 3.04£0.05 64.70 £ 2.66 9421 +2.88 444.8 £ 101.34 3.05+0.37
P-value 0.89 0.87 0.26 0.24 0.08 0.01**
SNP3 TT(64) 416£0.12 3.04 + 0.04 65.08 = 3.09 96.78 + 2.4 515.68 + 85.52 2914031
(TRAPPC9) TG(158) 4.14+0.07 3.08 +0.03 64.85 + 1.96 97.88 + 1.55 316.07 + 54.50 2.83+0.20
GG(90) 499+ 0.10 3.03 + 0.04 72.96 + 2.59 94.43 +2.05 201.79 + 74.52 1.92 +0.26
P-value 0.41 0.48 0.03* 0.41 0.02+* 0.01**
SNP4 CC(148) 4.07 4+ 0.08 3.07 4 0.03 63.14 % 2.01 98.33 4 1.59 294.85 + 56.97 2794021
(CD4) CT(141) 412 £0.08 3.03 £0.03 68.64 = 2.02 96.53 + 1.62 376.8 + 58.98 2514021
TT(23) 419£0.19 3.15 £ 0.02 85.32 £ 5.17 86.18 + 4.14 195.26 = 144.03 1.75 +0.52
P-value 0.82 0.23 0.0003*+* 0.02+ 0.39 0.17

P-value is the significance level from analyses of the association of SNPs with milk production, SCC, SCS, and serum cytokines traits in Chinese Holsteins ("™P < 0.001; P < 0.01; ‘P

< 0.05).

SCS, SCC, and SCS, respectively. Moreover, the mutation at
point C104010752T was significantly correlated to milk SCC
in Chinese Holsteins (26) and mutation at point g.13598C>T
was linked to milk yield, protein and SCS (27). Importantly,
in the new dairy population, our results further revealed the
noteworthy correlation of SNP (C104010752T) with IL-6 and
IFN-y instead of SCC and SCS (P < 0.05). Based on our current
findings, we reported that the SNPs in TRAPPC9 and CD4
genes show pleiotropic ability; however, it is also possible that
the documented polymorphisms in the current study and our
previous research might be influenced by population size and
environmental factors.

Frontiersin Veterinary Science

Within an SNP, allele combinations and genotypes exert
a critical role in the regulation of any traits. In the current
study, we found that the homozygous GG genotype in SNP3
(TRAPPCY) and TT genotype in SNP4 (CD4) were associated
with a higher level of IL-6 and a low level of SCC. These findings
suggested that the mentioned genotypes (GG and TT) are linked
with mastitis resistance and should be considered as potential
markers while selecting genetically mastitis resistance cattle.
Finally, the primary functional validation of SNPs in TRAPPC9
and CD4 genes were verified through RT-qPCR. Similar trends
for all the genotypes in SNPs (TRAPPCY and CD4) that were
found for their association with serum cytokines and mastitis
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TABLE 4 Genetic effect of SNPs in TRAPPC9 and CD4 genes on milk production, mastitis resistance and serum cytokine traits in Chinese Holstein.

SNPs Effect Fat % Protein % IL-6 IEN-y SCC SCS
SNP1 A —0.18 £0.21 0.07 = 0.07 —4.99 £5.99 —2.14£4.71 84.39 + 156.21 —0.09 £ 0.57
P-value 0.39 0.35 0.41 0.64 0.58 0.86
D 0.16 £ 0.56 1.15£0.20 —14.61 +17.87 8.67 & 14.03 —205.92 & 429.46 —1.009 £ 1.57
P-value 0.78 <0.0001*+* 041 0.53 0.68 0.52
SNP2 A 0.00 = 0.08 0.003 £ 0.03 2.66 £ 2.14 0.54 £ 1.69 —112.45 £ 59.45 —0.48 £0.22
P-value 0.99 091 0.1 0.75 0.06 0.02*
D 0.04 £0.11 0.02 = 0.04 —1.74 £2.99 3.91£235 46.83 £ 82.83 0.30 £ 0.30
P-value 0.66 0.61 0.56 0.99 0.61 0.32
SNP3 A 0.08 £ 0.08 0.01 £ 0.03 —3.94£2.01 117 £1.59 156.95 = 56.06 0.50 £ 0.20
P-value 0.26 0.86 0.05* 0.46 0.005*** 0.02**
D 0.07 £0.10 0.05 £ 0.04 —4.17 £2.81 229£222 —42.66 £ 78.26 042 £0.29
P-value 0.53 0.25 0.13 0.31 0.58 0.14
SNP4 A —0.06 £ 0.10 —0.04 £ 0.04 —11.08 £2.77 6.07 £2.21 49.79 £ 77.44 0.52£0.28
P-value 0.58 0.31 <0.0001* 0.006*** 0.52 0.06
D —0.01£0.13 —0.082 £ 0.048 —5.59+3.43 427 £2.75 131.74 = 96.98 0.25+0.35
P-value 0.92 0.08 0.104 0.12 0.17 0.49

A means additive effect, D means dominant effect, single asterisk (*) shows that the additive and dominance effect of the locus is significant (P < 0.05), while ***P < 0.001 and **P < 0.01
demonstrate that the additive and dominance effect of the locus is highly significant.
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The relative mRNA expression level of polymorphisms in TRAPPC9 and CD4 gene: (A) The expression level of genotypes in SNP2 and SNP3 of
TRAPPCY: the GG genotype show significantly higher relative mRNA expression than TG in SNP3; however, no significant difference was
reported among the three genotypes of SNP2. (B) The relative genotypes expression of SNP4 in CD4 gene: the TT genotype showed
comparatively higher relative mRNA expression than CT and CC.
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resistance phenotypic traits were also reported in expression
analysis. In relation to the association of the genetic variants
to the specific mastitis resistance phenotypic trait and the level
of significance documented in our previous studies, there were
some differences in the present study’s findings and in the
previous studies, which still need further validation in large and
different population of Chinese Holsteins.

In general, the present study using a newly designed CCSC-I
for genotyping to validate the association of SNPs in TRAPPC9
and CD4 genes with milk production and mastitis resistance
traits. Although we reported the significant link of the selected
SNPs in TRAPPCY and CD4 genes milk production and mastitis
resistance phenotypic traits, however, we recommend further
in-depth studies to test the documented reported SNPs of
TRAPPC9 and CD4 in a large Chinese Holstein population as
well as in other different dairy breeds from various regions of the
world by using our newly designed CCSC-I for the validation of
its capability to improve milk production and mastitis resistance
in dairy cattle.

Conclusions

Overall, the present study validated the three SNPs of
TRAPPCY and one SNP of CD4 in a large and different
Chinese Holstein population by using our newly designed
CCSC-I. The results verify that the documented SNPs in
both genes (TRAPPCY9 and CD4) could be considered as
powerful genetic markers against bovine mastitis resistance.
The targeted SNPs in the TRAPPCY gene might be used
as a marker for improved milk protein percentage as well.
The study proposed that the CCSC-I could also be validated
in more large dairy cattle population not only in China
but also in other countries across the globe. Additionally,
the upshot of a study infers that not only SCS and
SCC but IL-6 and IFN-y association can be establish with
genetic markers while selecting genetically mastitis resistance
dairy cattle.
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Common carp (Cyprinus carpio) is the fourth most-produced fish species
in aquaculture and frequently used model species with significant effort
invested in development of biotechnological applications. In present study,
we attempted to establish an in vitro germ cell culture condition for short
term cell culture, which could facilitate further applications such as surrogacy
or gene manipulation. Basal media and different types of feeder cells were
investigated to optimize carp germ cell culture condition to favor maintenance
of mitotic proliferation. Results indicated that germ cells cultured with hESC
media and RTG2 cell line as feeder possessed significantly higher proliferation
and survival rate compared to that cultured with StemPro media and Sertoli
cell line as feeder. In addition, we compared two dissection strategies to
compare risk of cell culture contamination and body cavity was open from
dorsal part or from ventral part. As a result, carp open from the dorsal side
can minimize the risk of contamination. In summary, this is the first study to
optimize the cultivation of germ cells in common carp. This opens up new
opportunities for the application of specific techniques in the breeding of those
species with high commercial value and frequent use as a model fish. Results
obtained in this study are important for implementation of new strategies in
common carp breeding, conservation of genetic resources, restoration of lines
or development of clonal and isogenic carp lines.

KEYWORDS

common carp, germ cell, germ cell culture, Sertoli cell, feeder cell

Introduction

Common carp (Cyprinus carpio) is the fourth most cultured fish species in
aquaculture, with production reaching 4,411,900 metric tons in 2019 (FAO Fisheries
Statistics). This species is reared both in Europe and Asia, with significant effort
invested in establishing breeding programs (1-3) or programs for conservation of
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genetic resources (4, 5). Genetic resource preservation resulted
in development of in vitro conservation strategies for sperm
(6, 7), germ cells (8), and development of surrogate production
technology (9). Common carp is not only a species of
commercial interest, but popular model species as recognized
by OECD guidelines. Although cryopreservation protocols have
been established to provide ways for restoration of developed
breeds, utilization of cryopreserved milt has not reached
commercial levels for production and breeding programs.
Unfortunately, ovarian follicles have been damaged after
cryopreservation (10, 11). Thus, surrogate production based
on transplantation of carp germ cells into the body cavity of
goldfish (Carassius auratus) shows promising results, providing
a possibility for conservation of the female lineage.

Fish germ cells have the unique ability to self-renew as
well as to differentiate into other germ cell stages. Both type
A spermatogonia and oogonia show high sexual plasticity even
after maturation of the donor (12). This specific attribute allows
them to be used for biotechnological applications, specific
breeding strategies, or to support the conservation of genetic
resources (13). Germ cells cultured in vitro can be transplanted
when populations are declining, or when limited numbers of
germ cells are obtained from suitable or available donors. As
well, this technology is available when stem cell purification
shows low efficacy, or when cells are damaged by enzymatic
dissociation. In recent years, in vitro culture of germ cells
was established for some model species, including zebrafish
(Danio rerio) (14), medaka (Oryzias latipes) (15), rainbow trout
(Oncorhynchus mykiss) (16), or sturgeon spp. (Acipenser spp.)
(17). Therefore, in present study, we aimed to establish in vitro
culture conditions of carp germ cells using different types of
culture medium and to investigate whether feeder cells are
essential for carp germ cell proliferation.

Materials and methods

Animal ethics statement

Experiments were conducted at the Genetic Fisheries
Center, Faculty of Fisheries and Protection of Waters (FFPW)
in Vodnany, Czech Republic. The facility is authorized
to perform the described manipulations and to perform
experiments on animals (Act no. 246/1992 Coll., ref. number
160Z719179/2016-17214). The methodological protocol of the
current study was approved by the expert committee of the
Institutional Animal Care and Use Committee of the FFPW,
according to the law on the protection of animals against
cruelty (reference number: MSMT-6406/119/2). The study did
not involve endangered or protected species. Authors of the
study hold certificates of professional competence for designing
experiments and experimental projects under Section 15d

Frontiersin Veterinary Science

97

10.3389/fvets.2022.1036495

(3) of Act no. 246/1992 Coll. on the Protection of Animals
against Cruelty.

Fish disinfection and dissection

Common carp used for present study were cultivated at
the Faculty of Fisheries and Protection of Waters, University
of South Bohemia. Gonads were collected from 6 to 9 month
old carp (length ranged from 15 to 20cm and total weight
ranged from 0.15 to 0.20kg). Carp were anesthetized by
0.05% 3-aminobenzoic acid ethyl ester methanesulfonate-222
(MS-222, Sigma, USA) until no gill movements where observed
and there was no response to a tail pinch. Fish were bleed
by cutting the gills and then the whole body was disinfected
with 70% ethanol for 1 min and briefly dried on a paper towel.
Based on previous germ cell transplantation studies, and to
avoid contamination, we opened the fishes body cavity from
the dorsal and ventral side, respectively. In brief, carp were
cut from the dorsal side with a longitudinal cut using sterile
scalpels and forceps, and the body cavity was open from dorsal
side. On the other hand, we cut fish along belly from ventral
side, exposed abdominal cavity and remove gut. In total, 30
carp were dissected by each of these methods. Gonads were
gently collected by forceps. Each gonad was washed twice with
phosphate-buffered saline (PBS; Gibco) containing 50 pg/mL
ampicillin, 200 U/mL penicillin, 20 pg/mL streptomycin (all
from Sigma-Aldrich, pH 8.0) in petri dishes.

Testicular cell preparation

Dissociation of carp testicular cells was performed according
to Xie et al. (17). Gonads were washed in PBS and minced
into ~1 mm? aliquots. Next, pieces of tissue were dissociated
by 0.25% trypsin (Gibco) with 0.05% fetal bovine serum (FBS)
and 40 U/mL DNase I (Sigma-Aldrich) in PBS at 24 °C for 2 h.
The digestion was stopped by L-15 medium supplemented with
20% (v/v) fetal bovine serum (FBS), filtered through a 40 pm
pore-size nylon screen and centrifuged at 300 g. The cell pellet
was resuspended in PBS.

Germ cell enrichment and culture
condition optimization

After digestion, spermatozoa were eliminated by Ficoll-
Paque PLUS density gradient media (GE Healthcare). Gradient
separation was performed by centrifugation at 500 g for 30 min
atroom temperature. Enriched cells were seeded in a 6-well plate
at a concentration of 1,200 cells/mm?. Cells were cultured at
21°C without CO;. After 4-5 days of culture, germ cells were
enriched by differential plating and re-seeded on feeder cells at a
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TABLE 1 Components of cell culture medium.

Components Medium

Basal media hESC Stempro-34
Fetal bovine serum (10%) + +
Bovine serum albumin (2.50%)

2-mercaptoethanol (55 jum)

Basic fibroblast growth factor (bFGE 10 ng/mL)

Glial cell line-derived neurotrophic factor (GDNE, 25 ng/mL)
leukemia inhibitory factor (LIE, 25 ng/mL)

Ascorbic acid (50 um)

Chemically defined lipid concentrate (0.10%)

hESC supplement (2%)

Carp serum (1%)

non-essential amino acids (NEAA, 1%)

B-27 (1x)

Penicillin (50 pg/mL)

Ampicillin (50 pg/mL)

+ o+ o+ o+ o+ o+ o+ o+
+ o+ + o+ o+ o+ o+ o+ o+ o+

Streptomycin (50 jLg/mL)

concentration of 800 cells/mm? in a 48-well plate. Components
of culture medium are showed in Table 1. To remove somatic
cells and to enrich germ cells, differential plating was performed
for every passage.

Feeder cell preparation

In present study, RTG-2 and sertoli cell line were utilized
as feeder cells. RTG-2 was purchased from ATCC (Summit
Pharmaceuticals International, Tokyo, Japan) and maintained
according to the instructions, while the sertoli cell line was
derived from rainbow trout and maintained >50 passages
(18). To use these cell lines as feeder cells for germ cell
culture, proliferation activity was inhibited by treatment with
10 pg/mL mitomycin C for 6 h and cells were seeded onto 0.1%
gelatin-coated plates at a concentration of 1200 cells/mm? in a
48-well plate.

Germ cell proliferation assay

To detect germ cell proliferation, a EAU incorporation
assay was performed by adding 10 M EdU (Sigma-Aldrich,
USA) to the culture medium during the final 24 h of culture.
EdU staining and 4,6-diamidino-2- phenylindole (DAPI)
staining were performed with EdU Cell Proliferation Kit
for Imaging (BCK-EdU647, baseclick, Germany) according to
kit instructions. Then the cells were incubated 1h at room
temperature with DDX4 (vasa) rabbit polyclonal antibody
(dilution 1:300, final concentration 1.8 ug/mL, GTX116575,
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GeneTex) and exposed for 1h with secondary antibody
anti-rabbit IgG-fluorescein isothiocyanate (FITC; F0382, Sigma,
dilution 1:50) followed by staining with DAPI (3 ng/mL). The
ratios of vasa-EdU-positive cells/total cells were calculated. Cell
proliferation assays with EQU were performed at 7, 14, 21, and
28 days of culture at 21°C.

Histology

The maturational stage of each testis was determined using
histological techniques. Testicular tissue from donor common
carp was fixed overnight in Bouin’s fixative and processed for
paraffin sectioning and stained with Masson trichrome stain.
Histological sections were photographed using a microscope
with mounted camera (Olympus BX61).

Statistical analyses

The results were expressed as a ratio against control as mean
+ SEM. Significance was determined with two-way analysis of
variance (ANOVA) followed by Tukey’s tests. Alpha was set
at 0.05.

Results

Dissection of donor carp specimens

In present study, two dissection strategies were applied
to avoid contamination of common carp gonads and
30 individuals were dissected in each group (Figure 1).
Results showed that 24 out of 30 fish were contaminated
the
side. However, when the body cavity was open from

when body cavity was approached from ventral
the dorsal side, only 2 out of 30 fish showed signs

of contamination.

Optimalization of basal culture condition
of carp germ cells

According to histological observation, testes contained type
A spermatogonia, type B spermatogonia, spermatocytes, and
few developing spermatids (Figure 1). We identified an optimal
culture medium for carp germ cells by comparing two different
basal culture media. Enriched carp germ cells were cultured
in two different types of medium (Table 1) and the number
of germ cells were monitored on after 7, 14, 21, and 28
days of incubation. Two-way ANOVA, using quantity of germ
cells as the dependent variable, and media and feeder cells
as main effects, revealed significant variation (p < 0.001) in
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FIGURE 1
Common carp dissection illustration. (A) Carp dissected from ventral side. (B) Carp dissected from dorsal part. Gonads are indicated by
arrowheads.
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FIGURE 2
Effects of somatic cells on mitotic activity of common carp germ cells. The figure shows mean + SEM (n = 3) of total germ cell number under
hESC and stempro media with RTG2 and Sertoli cell line (SC). Cell number was count on days 7, 14, 21 and 28 of culture. Data are shown as the
mean + SEM (n = 3).

the proliferation of germ cells for both factors (Figure 2). In
addition, there was a significant interaction between media
and feeder cell types (P = 0.049 < 0.05). For groups with
hESC and StemPro media, significantly greater proliferation
was shown in those cultured with hESC media. The most
significant increase of germ cells was observed with hESC
culture medium and RTG2 feeder. Germ cell propagation was
observed throughout the 28 day test period. Cells cultured with
RTG2 formed clumps and expanded, whereas cells lost their
shape and turned apoptotic when cultured with Sertoli cells
(Figure 3A).

In this study, we also assessed whether Sertoli
and RTG2 cell lines could serve as feeder cells
to improve germ cell proliferation. After 2 weeks,
newborn cells cultured with the RTG2 cell line
were detected through EdU assays, indicating that
cells cultured with the RTG2 «cell line had better

proliferation activity (Figure 3B). After 2 months, we
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still could observe germ cell clumps according to vasa
antibody immunocytochemistry (Figure 3C).

Discussion

The gut of common carp carries symbiotic bacteria. Thus,
removing gut contents during germ cell processing may release
bacteria into the body cavity, which can contaminate germ cell
cultures (19). To address this issue, we have compared two
methods to dissect and open the body cavity of common carp.
Our results revealed that dissection of fish from the dorsal part
enabled us to avoid contamination.

A combination of internal and extrinsic mechanisms control
fish germ stem cell survival, self-renewal, and differentiation
(20-22). Somatic cells, particularly sertoli cells, assist in
germ cell development and provide growth factors that
positively affect germ cell proliferation and destiny. Germ cells
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FIGURE 3

(A) Histological observation of common carp gonads. Various germ cell populations are indicated by arrowhead or white broken lines. (B)
Morphology of cells cultured under different condition. (C) Immunocytochemistry of cultured cells at day 14. hESC-SC, hESC medium with
Sertoli cells; hESC-RTG2, hESC medium with RTG2 cells; stempro-SC, stempro medium with Sertoli cells; stempro-RTG2, stempro medium with
RTG2 cells. Less differentiated germ cells are blue, more differentiated are red, some spermatozoa are in the lumens already.

Stempro-SC Stempro-RTG2

Merge

are capable of autonomously controlling the differentiation
pattern. For germ stem cell proliferation and differentiation,
as well to start meiosis, gonadal somatic cells must produce
growth factors (23, ). Therefore, in present study, we
investigated whether RTG2 and Sertoli cell lines can work
as feeder cells to support germ cell proliferation. Our results
indicated that in comparison with Sertoli cells, RTG2 could
significantly improve carp germ cell growth. In addition, it
turned out that germ cells performed better proliferation
rate when it cultured with hESC media than stempro- 34
media. Applications of hESC were also reported in germ
cell culture of human (25) and rainbow trout (18). It
probably indicated that compared with stempro- 34 media,
stempro hESC media are more capable of domestication of
germ cells.

Frontiersin

During fish spermatogenesis, germ cell survival and
development depend on constant close contact with Sertoli
cells (26). Sertoli cell are involved in the regulation of
spermatogonial stem cell self-renewal and differentiation by
secreting growth factors. In zebrafish, Igf3 is expressed in Sertoli
cells and promotes differentiation and proliferation by activating
B-catenin signaling in the germ cells. Amh, a member of the
TGF- (transforming growth factor-beta) superfamily produced
by Sertoli cells, exerts an inhibitory role on spermatogonial self-
renewal and germ cell differentiation in the zebrafish testes. In
addition, GDNF has been proven in many fishes produced by
Sertoli cells plays an important role in SSC self-renewal (27).

Interestingly, when RTG2 was used as feeder cells they
could promote more germ cell propagation than Sertoli cells.
Especially during the later stages of culture, the growth rate
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of germ cells decreased when cultured with Sertoli cells.
This phenomenon was probably because the Sertoli cell line
utilized in this study was derived from rainbow trout. Gdnf
is not produced as an autocrine SSC niche factor in rainbow
trout testes, unlike in mammals, as evidenced by the fact
that it is expressed in germ cells from spermatogonia to
spermatocytes but not in Sertoli cells (28). To overcome this
issue, extra human recombined GDNF was supplemented in
culture medium. However, germ cell proliferation rate did not
remain as expected. It will be of interest decipher differences
in growth factors secreted by RTG2 and Sertoli cell lines in
the future. Moreover, germ cell transplantation is expected
to be applied to investigate the germ cell stemness after
prolonged culture.

In conclusion, a short-term carp germ cell in vitro culture
condition has been established by optimizing the dissection
method, basal culture mediums, and types of feeder cells.
To date, cells could be maintained > 2 months, which is
suitable for several research applications. This is the first
report of successful in vitro germ cell culture in common
carp, species important for aquaculture production as well
as important model species in basic and applied science.
Development of successful in vitro germ cell culture enables
number of applications in surrogate production such as
development and effective production of isogenic fish lines or
production, restoration of lines or breeds from few available
individuals or development of lines based on reported superior
genotypes. In the future, it could be of interest to prolong carp
germ cell proliferation and to investigate their cell capacity
by transplantation.
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Pneumonia can seriously threaten the life of forest musk deer (FMD, an
endangered species). To gain a comprehensive understanding of pneumonia
pathogenesis in FMD, iTRAQ-based proteomics analysis was performed in
diseased (Pne group) lung tissues of FMD that died of pneumonia and
normal lung tissues (Ctrl group) of FMD that died from fighting against
each other. Results showed that 355 proteins were differentially expressed
(fold change > 1.2 and adjusted P-value< 0.05) in Pne vs. Ctrl. GO/KEGG
annotation and enrichment analyses showed that dysregulated proteins might
play vital roles in bacterial infection and immunity. Given the close association
between bacterial infection and pneumonia, 32 dysregulated proteins related
to Staphylococcus aureus infection, bacterial invasion of epithelial cells, and
pathogenic Escherichia coli infection were screened out. Among these 32
proteins, 13 proteins were mapped to the bovine genome. Given the close
phylogenetic relationships of FMD and bovine, the protein-protein interaction
networks of the above-mentioned 13 proteins were constructed by the String
database. Based on the node degree analysis, 5 potential key proteins related to
pneumonia-related bacterial infection in FMD were filtered out. Moreover, 85
dysregulated proteins related to the immune system process were identified
given the tight connection between immune dysregulation and pneumonia
pathogenesis. Additionally, 12 proteins that might function as crucial players
in pneumonia-related immune response in FMD were screened out using
the same experimental strategies described above. In conclusion, some vital
proteins, biological processes, and pathways in pneumonia development were
identified in FMD.

forest musk deer, pneumonia, proteomics, bacterium, immunity

Introduction

Forest musk deer (FMD, Moschus berezovskii) is a type of mammal that mainly lives
in the alpine forests in China and Vietnam (1, 2). The populations of FMD are sharply
declined since the 1950s due to habitat destruction/degradation and massive hunting
for their musk (Moschus) (3, 4). Musk is the dried secretion from the musk sac gland
of male musk deer, such as Moschus berezovskii Flerov, Moschus moschiferus Linnaeus,
and Moschus sifanicus Przewalski (5, 6). Musk is a superior component in perfume and
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is believed to have potential therapeutic values for multiple
diseases such as cancers, strokes, and heart diseases in the
traditional Asian medicine industry (6, 7). This species has been
listed in the First-Class National Protected Animal List of China
and is protected under the Chinese Wild Animal Protection
Law (4, 8). Moreover, FMD is the major species of musk deer
that can be reared artificially in special farms under the support
of the Chinese government, which contributes to the growth
of the population, reduction of poaching behaviors, and better
utilization of FMD resources (9, 10).

The increase in the population of FMD is also limited
by some fatal diseases including pneumonia (11-13).
Pneumonia can be caused by multiple pathogens including
bacteria (14-16). However, previous research on pneumonia
mainly focused on the isolation, identification, and genome
analysis of pathogens in FMD (12, 17, 18). To reduce
the risk and harm of pneumonia for the health and life
of FMD, it is imperative to have an in-depth insight
into the molecular mechanisms underlying pneumonia
development and identify key molecules or pathways related to
pneumonia pathogenesis.

Recently, mass spectrometry (MS)-based proteomics has
attracted much attention from researchers because proteins
are responsible for most biological functions and proteomics
can simultaneously capture and quantify thousands of proteins
rather than RNAs in a cost-effective manner (19, 20). Isobaric
tag for relative and absolute quantification (iTRAQ), an
isotope labeling strategy, has been widely used in proteomics
studies needing relative quantification due to the multiple
advantages such as multiplexing capacity, reproducibility, easy
operation, and flexibility (21-23). The combination of iTRAQ
and MS-based proteomics technologies and bioinformatics
analytical methods have emerged as a powerful strategy for
identifying vital proteins related to disease pathogenesis,
comprehensively understanding protein roles and basic
biological functions, and deciphering complicated molecular
mechanisms underlying disease development in multiple
animals (24-26).

However, to our knowledge, there is no proteomics data
to explore the pathogenesis of pneumonia in FMD to date.
To build up a general and comprehensive understanding
of pneumonia pathogenesis, the iTRAQ-based LC-MS/MS
technique was used to explore the proteomics alterations
in diseased lung tissues of FMD that died of pneumonia
than in normal lung tissues of FMD died from fighting
against each other. Moreover, some genes/proteins, biological
processes, and signaling pathways that might play vital
roles in pneumonia progression were screened out based on
differential expression, annotation, enrichment, and protein-

protein interaction analysis.
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Materials and methods

Animal samples

Forest musk deer are reared in the Shaanxi Institute of
Zoology (China). The Animal breeding area (34.210832°N,
106.902117°E) is located in Fengxian, Southwest of BaoJi City,
Shaanxi Province, China, a region of Qinling mountain at an
altitude of 1,500 m. Diseased lung tissues were obtained from
3 adult FMD (25'1Q, 4.5 years old) that died of pneumonia.
Normal lung tissues were obtained from 3 adult FMD (", 3.5
years old) that died from fighting against each other. Tissue
samples with a weight of no <200 mg were stored at —80°C.
The study was approved by the Academic Committee of Shaanxi
Institute of Zoology with Ethical Approval No.: 20210327001.

Histological analysis

The tissues mentioned above were fixed in a PBS buffered
formaldehyde solution for 48h. After routine dehydration
and transparency, sectioned at a thickness of 4pum and
stained with Eosin Staining Kit (Beyotime, Shanghai, China)
following the protocols of the manufacturer, and examined by
light microscopy.

ITRAQ-based proteomics analysis

ITRAQ-based proteomics analysis was performed as
previously described (27, 28). The detailed experimental
procedures of proteomics analysis including sample preparation,
iTRAQ labeling and fractionation, LC-MS/MS analysis, and
data analysis were shown in Supplementary file 1. Briefly, tissue
samples were ground to a fine powder in liquid nitrogen and
then lysed using the protein lysis buffer [7M Urea/4% SDS/2M
Thiourea/40 mM Tris-HCI (pH 8.5)] supplemented with 2 mM
EDTA and 1mM phenylmethylsulfonyl fluoride. Samples were
labeled using the iTRAQ Reagent-8 plex Multiplex Kit (SCIEX,
Framingham, MA, USA) according to the protocols of the
manufacturer, in which only 6 channels were used in our
project. The information of sample-corresponding channels was
shown in Table 1. Pne and Ctrl groups represented diseased and
normal lung tissue groups, respectively. LC-MS/MS analysis
was carried out on TripleTOF 5600+ mass spectrometry
(SCIEX) coupled with an EksigentnanoLC system (SCIEX).
Raw data analysis was performed using the Protein Pilot
Software (version 4.5, SCIEX). The raw MS/MS file data were
searched against the PRI-19060015_pep. fasta (containing
24,352 sequences). Proteins were regarded to be significantly
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TABLE 1 Sample-corresponding iTRAQ channels.

Sample groups Sample label Channel
Disease-1 Pne_1 113
Disease-2 Pne_2 114
Disease-3 Pne_3 117
Normal-1 Ctrl_1 118
Normal-2 Ctrl_2 119
Normal-3 Ctrl_3 121

differentially expressed when fold-change > 1.2 and adjusted
P-value < 0.05.

Bioinformatics and annotations

To determine the biological and functional properties of all
the identified proteins, the identified protein sequences were
mapped with those in the Swiss-Prot database using BLASTP. In
addition, a homology search was performed for the differentially
expressed protein sequences using a localized NCBI blastp
program against the NCBI non-redundant protein (NR) animal
database. Moreover, the GO and KEGG annotation information
of matched proteins was extracted. GO and KEGG pathway
enrichment analysis was performed using the hypergeometric
test. GO and KEGG pathway terms were considered to be
significantly enriched at a P-value < 0.05. Protein-protein
interaction (PPI) networks were constructed using the STRING
database (version: 11.5) (https://cn.string-db.org/).

gRT-PCR analysis for gene expression

Ten mRNAs were randomly selected for expression analysis
by qRT-PCR to validate the data. The primer sequences are
listed in Table 2. The GAPDH gene was used as the internal
control. The total RNA was extracted from the Lung tissues
with the RNAiso plus reagent (Takara, Dalian, China) following
the manufacturer’s protocols. The qRT-PCR was performed
using SYBR Premix ExTaq (TaKaRa, Dalian, China) and a
Thermal Cycler CFX96 Real Time-PCR detection system (Bio-
Rad, Hercules, CA, USA) with the following parameters: 95 °C
for 60s; 40 cycles at 95 °C for 15s; 60 °C for 30s; and 72 °C
10s. The concentration and purity of total RNA were measured
using a GE Nanovue™ Spectrophotometer (GE Health care
Biosciences, Pittsburgh, USA). cDNA was synthesized using
the SYBR Prime Script™ RT Master Mix (Perfect Real Time)
Kit (Takara, Dalian, China). The relative expression of each
gene was calculated with the 2-AACt method. There were
three biological sample replicates, and each biological sample
replicates included three technical replicates.
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Results

Histological observation of lung tissue

Histological analysis showed that the alveolar cavity has
inflammatory cell exudates and the alveolar wall capillary
hyperemia in the pneumonia group (Figures 1C,D). Numerous
broken neutrophils were exuded from the alveolar cavity
and obvious bleeding was noticed in the pneumonia group
(Figures 1E,F). And, the most notable pathological changes
were interstitial pneumonia and hemorrhagic pneumonia in
the pneumonia group (Figures 1G,H). Moreover, red blood
cell, inflammatory cell, and fibrin exudate were present in the
alveolar lumen, and the lung interstitium was widened in the
pneumonia group (Figures 1G,H).

Identification of differentially expressed
proteins

In our proteomics analysis, 355 proteins (169 down-
regulated and 186 up-regulated) were found to be differentially
expressed (up-regulated ratio > 1.2 or down-regulated ratio <
0.83; adjusted P-value < 0.05) in the diseased lung tissues of
FMDs who died of pneumonia compared to the normal lung
tissue group (Figure 2; Supplementary Table 1). The volcano
plot of differentially expressed proteins was shown in Figure 2.
Among these differentially expressed proteins, 158 proteins were
annotated in the bovine Swiss-Prot database.

GO and KEGG annotation analysis of
differentially expressed proteins

To screen out key proteins related to the pathogenesis of
pneumonia, the sequences of differentially expressed proteins
were compared against the NCBI NR database using the
NCBI-BLAST. These differentially expressed proteins were
also annotated by comparisons against the GO and KEGG
databases. Based on the principle of sequence similarity,
proteins with similar sequences have similar functions. GO
annotation analysis revealed that most of the down-regulated
and up-regulated proteins were involved in the regulation
of biological processes such as cellular process, metabolic
process, biological regulation, response to stimulus, and
cellular component organization or biogenesis (Figure 3A;
Supplementary Table 2). Also, many differentially expressed
proteins were implicated in the immune system process,
death, locomotion, cell proliferation, biological adhesion, and
growth (Figure 3A; Supplementary Table 2). Moreover, KEGG
pathway annotation analysis showed that most up-regulated and
down-regulated proteins played crucial roles in the pathways
related to focal adhesion, phagosome, microbial metabolism
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TABLE 2 Primers used in quantitative real-time PCR analysis.

10.3389/fvets.2022.1012276

Target gene Primer Sequence (5’t03’)
GAPDH GAPDH-F GGCACAGTCAAGGCAGAGAAC
GAPDH-R TACTCCGCACCAGCATCACC
Galectin-9 Galectin-9 F CGGTTTGAAGAAGGCGGGTATG
Galectin-9 R AGATGGCGTTGAATTGGTAGAAGG
Coronin-1A CORO1A-F CACTTTGGATGAGGAGCAGAA
CORO1A-R TGGCTGGCTGTCCAAATAC
Annexin A6 ANXAG6-F AATGACACCTCTGGCGAATAC
ANXAG6-R ACTGCACTAAGTTCCCACATC
Protein S100-A10 S100A10-F TGCCGTCTCAAATGGAACA
S100A10-R TCCATGAGTACTCTCAGGTCTT
Moesin MSN -F AGAAGAGGTGGCAAGAATACAC
MSN -R TTCCAGGATGTCTGGCTCTA
Envoplakin EVPL -F TTCCAGGATGTCTGGCTCTA
EVPL -R GTAGGTTCTTGCACTCCCTATG
Platelet endothelialcell adhesion molecule PECAMI1-F GAGTATGAGGTGTGGGTGAAAG
PECAMI1-R CTGGGACAGAACAGTTGACTAC
Integrin beta-1 ITGB1-F AGGCCACTGTTCATGTTGTAG
ITGB1-R CAGCAATGCAAGGCCAATAAG
CD177 CD177-F CTACTGAACCTACCCAAGACAAG
CD177-R GCAGAGGTGATGTTGATGAGTA
Collectin-12 COLECI12-F CAACTCAGAACTCTCCACCTTC
COLECI12-R TGGCCAAAGCGGAGTTATT

in diverse environments, leukocyte transendothelial migration,
bacterial invasion of epithelial cells, endocytosis, Staphylococcus
aureus infection, and pathogenic Escherichia coli infection
(Supplementary Tables 3, 4). The statistics of the top 20 KEGG
pathways of up-regulated and down-regulated proteins were
shown in Figure 3B.

GO and KEGG enrichment analysis of
differentially expressed proteins

GO enrichment analysis showed that differentially expressed
proteins were significantly enriched in biological processes such
as acute-phase response, leukocyte adhesion, leukocyte
migration, phagocytosis, regulation of tumor necrosis factor
biosynthetic process, defense response to Gram-negative
bacterium, regulation of locomotion, receptor-mediated
endocytosis, cell structure disassembly during apoptosis,
defense response to fungus (Supplementary Table 5). The
top 20 GO biological process terms that were significantly
enriched by differentially expressed genes were displayed
in Figure 4A. KEGG enrichment analysis disclosed that
differentially expressed proteins were significantly enriched
in pathways related to Staphylococcus aureus infection, focal
adhesion, complement and coagulation cascades, phagosome,
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antigen processing and presentation, bacterial invasion of
epithelial cells, and pathogenic Escherichia coli infection
(Supplementary Table 6). The top 20 KEGG pathways that were
significantly enriched by the differentially expressed proteins
were shown in Figure 4B.

Screening and PPI network construction
of dysregulated proteins related to
bacterial infection

Both KEGG annotation and enrichment outcomes
suggested that pathways related to Staphylococcus aureus
infection, bacterial invasion of epithelial cells, and pathogenic
Escherichia coli infection might play vital roles in pneumonia
progression. Given the close association between bacterial
infection and pneumonia pathogenesis, dysregulated proteins
in the above-mentioned pathways were filtered out based
on KEGG annotation analysis. The information on these
proteins was shown in Supplementary Table 7. As presented
in Supplementary Table 7, 13 (9 down-regulated and 4 up-
regulated), 14 (7 down-regulated and 7 up-regulated), or 12
(4 down-regulated and 8 up-regulated) differentially expressed
proteins were identified to be implicated in Staphylococcus
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FIGURE 1

(B,D,F,H) 50 um, Bars: (A,C,E,G) 200 um, (magnification, 5.0x, 20.0x).

Histopathological changes in lungs of forest musk deer. (A,B) normal lung tissue in the control group, HE staining of normal tissues was
performed (5x). The black arrow indicates the alveolar cavity, the red arrow points to the alveolar wall. (C,D) Inflammatory cells (black arrow)
and exudate can be seen in the alveolar cavity (red arrow), and the capillaries in the alveolar wall are hyperemic (yellow arrow). (E,F) Numerous
broken neutrophils (yellow arrow) exuded from the alveolar cavity, bleeding obvious (black arrow). (G,H) Red blood cell (yellow arrow),
inflammatory cell (black arrow) and fibrin exudates (red arrow) present in alveolar lumen, and lung interstitium is widened (blue arrow). Bars:

aureus infection, bacterial invasion of epithelial cells, or
pathogenic  Escherichia coli infection, respectively. The
above-mentioned differentially expressed proteins related
to bacterial infection (total number: 32) were integrated
into Supplementary Table 8. The STRING database has been
widely used to construct the PPI network and identify hub
proteins in previous studies (29, 30). Prior phylogenetic tree
analysis showed that FMD was a member of the suborder
Ruminantia and order Artiodactyla with close phylogenetic
relationships with four members of the family Bovidae (sheep,
yak, cattle, and Tibetan antelope) (31). Also, a recent study
showed that most FMD unigenes that were identified by
de novo assembly of heart and musk gland transcriptomes
were homologous with bovine genes (32). Given the close
phylogenetic relationships of FMD and bovine, the PPI
networks of filtered proteins were constructed based on the
information of the organism species Bos taurus (bovine).
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Among filtered 32 differentially expressed proteins related
to bacterial infection, 13 proteins were annotated in the
bovine Swiss-Prot database (Supplementary Table 8). The PPI
networks of the 13 proteins were constructed and displayed
in Figure4 (organism: Bos taurus, combined interaction
score > 0.4) (the solitary proteins had been removed from
the network). The detailed interaction information of these
13 proteins was shown in Supplementary Table 9. The node
degrees (number of interacted proteins) of proteins in the PPI
networks (Figure 5) were exhibited in Supplementary Table 10.
The node degree can be used to identify hub proteins in the PPI
networks (33, 34). Results suggested that 5 proteins with greater
node degrees [i.e. catenin beta-1 (CTNNBI), integrin beta-1
(ITGB1), catenin alpha-1 (CTNNAI), dynamin-2 (DNM2),
Keratin, type I cytoskeletal 19 (KRT19)] might function
as crucial players in pneumonia-related bacterial infection
in FMD.
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FIGURE 2

The volcano plot of differentially expressed and unchanged
proteins. Red dots represent the up-regulated proteins and
green dots denote the down-regulated proteins.

Screening and PPI network construction
of dysregulated proteins related to
immunity

It has been reported that the pathogenesis of pneumonia
is closely linked with the dysfunction of the immune system
(35, 36). In this project, 53 down-regulated and 32 up-regulated
proteins that were implicated in the immune system process
were screened out based on the GO annotation analysis.
These 85 proteins related to the immune system process were
shown in Supplementary Table 11. Among these 85 proteins,
49 proteins that were mapped to the bovine genome were
screened out (Supplementary Table 11). Next, the PPI networks
of these 49 proteins were established and presented in Figure 6
(organism: Bos taurus, combined interaction score > 0.4)
(the solitary proteins have been removed from the network).
The detailed protein-protein interaction information and node
degrees of the above-mentioned 49 proteins in the PPI networks
were displayed in Supplementary Tables 12, 13, respectively.
The outcomes suggested that CTNNBI1, ITGBI1, Annexin
A5 (ANXAD5), calreticulin (CALR), prothrombin (F2), matrix
metalloproteinase-9 (MMP9), platelet endothelial cell adhesion
molecule (PECAMI1), thrombospondin-1 (THBS1), heat shock
protein HSP 90-beta (HSP90ABI1), endoplasmin (HSP90BI),
integrin alpha-3 (ITGA3), and moesin (MSN) might be the hub
proteins in the PPI networks because they had greater node
degrees. In other words, these proteins might play vital roles in
the immune response related to pneumonia in FMD.
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Validation of differentially expressed
proteins by gRT-PCR analysis

The expression patterns determined by qRT-PCR were
consistent with those obtained by iTRAQ, with 90% agreement
between the qRT-PCR and iTRAQ results (Figure 7). This result
indicated that the differential proteomic analysis outcomes in
this study were reliable.

Discussion

In this project, a total of 355 differentially expressed (up-
regulated ratio > 1.2 or down-regulated ratio < 0.83; adjusted
P-value < 0.05) proteins were identified in the diseased lung
tissues of FMDs who died of pneumonia vs. the normal group.
Among these dysregulated proteins, 158 proteins were mapped
to the bovine genome.

Moreover, KEGG pathway annotation analysis showed
that 9 pathways (i.e., metabolic pathways, focal adhesion,
pathways in cancer, regulation of actin cytoskeleton, amoebiasis,
microbial metabolism in diverse environments, tight junction,
leukocyte transendothelial migration, bacterial invasion of
epithelial cells) were shared in the top 20 KEGG pathways
of up-regulated and down-regulated proteins. Among the 46
metabolic pathways-related proteins (28 up-regulated and 18
down-regulated), alpha-enolase (ENO1), neutrophil gelatinase-
associated lipocalin (LCN2), and Acetyl-CoA acetyltransferase
(ACAT1) have been found to be related to pathogens-induced
pneumonia. For instance, ENOL1 facilitated lipopolysaccharide
(LPS)-driven monocyte recruitment to the acutely inflamed
lung, and ENO1 was highly expressed in blood monocyte
cell surface and alveolar mononuclear cells of patients with
pneumonia (37). LCN2 had a potential protective effect against
Escherichia coli-induced pneumonia (38). LCN2 knockout
notably improved the susceptibility of mice to Acinetobacter
baumannii pneumonia (39). LCN2 hindered the clearance
of pneumococcal pneumonia and exacerbated pneumococcal
pneumonia in mice and humans (40). ACAT1 expression was
notably increased in THP-1-derived macrophages following
the infection of Chlamydia pneumonia (41). The inhibition
of ACAT1 weakened pulmonary inflammation and inhibited
macrophage activation in bleomycin-induced acute lung injury
(42). Among the 27 focal adhesion-related dysregulated proteins
(18 up-regulated and 9 down-regulated), thrombospondin-
1 (THBS1) and caveolin-1 (CAV1) have been reported to
be associated with pneumonia. For example, THBSI loss
promoted the clearance of lung Klebsiella pneumonia, decreased
lung inflammation burden, and enhanced the innate immune
responses against Klebsiella pneumonia infection (43). CAV1
depletion reduced mouse survival rate, enhanced bacterial
burdens, facilitated bacterial dissemination, and potentiated
pro-inflammatory responses in mice infected with Kiebsiella
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FIGURE 4
GO and KEGG enrichment analysis of differentially expressed proteins. (A) The top 20 GO biological process terms that were significantly
enriched by the differentially expressed proteins. (B) The top 20 KEGG pathways that were significantly enriched by the differentially expressed
proteins.

C3

FIGURE 5

The PPI networks of differentially expressed proteins (species: bovine) related to bacterial infection. The darkturquoise and pink lines
represented the interactions that were identified from curated databases and experimentally determined, respectively. The green, red, and blue
lines represented the predicted interactions based on gene neighborhood, gene fusions, and gene co-occurrence relationships, respectively.
The yellow-green, black, and purple lines denoted the potential interactions that were identified by textmining, co-expression, and protein
homology. The full names of proteins in this figure were shown as follows: C3, complement C3; CFH, complement factor H, KRT19, keratin,
type | cytoskeletal 19; KRT25, keratin, type | cytoskeletal 25; DNM2: dynamin-2; ILK: integrin-linked protein kinase; CLTC, clathrin heavy chain 1;
CTNNAL, catenin alpha-1; ITGB1, integrin beta-1; CTNNB1, catenin beta-1; BCAM, basal cell adhesion molecule; TUBA4A, tubulin alpha-4A
chain; EZR, ezrin.
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FIGURE 6
The PPI networks of differentially expressed proteins (species: bovine) related to immunity. The full names of the proteins in this figure were
presented as below: CALR, calreticulin; LGALS9, galectin-9; C3, complement C3; EPB42, protein 4.2; HSP90B1, endoplasmin; CORO1A,
coronin-1A; ANXAL, annexin A1; MMP9, matrix metalloproteinase-9; AP3B1,AP-3 complex subunit beta-1; BPI, bactericidal
permeability-increasing protein; THBS1, thrombospondin-1; ANG1, angiogenin-1; S100A12, protein S100-A12; LBP, lipopolysaccharide-binding
protein; ANXAS5, annexin A5; S100A8, protein S100-A8; S100A9, protein S100-A9; HSP90AB1, heat shock protein HSP 90-beta;
DHX9,ATP-dependent RNA helicase A; CAPZA1, f-actin-capping protein subunit alpha-1; GPI, glucose-6-phosphate isomerase; CLTC, clathrin
heavy chain 1; DNM2,dynamin-2;F2, prothrombin; THBD, thrombomodulin (fragment); CFH, complement factor H; EEF2, elongation factor 2;
BPIFB1, BPI fold-containing family B member 1; PDIA3, protein disulfide-isomerase A3; FLOTZ2, flotillin-2; UBA52, ubiquitin-60S ribosomal
protein L40; MSN, moesin; PIGR, polymeric immunoglobulin receptor; ITGB1, integrin beta-1; LGMN, legumain; COLEC12, collectin-12;
CTNNB1, catenin beta-1; SFXN1, sideroflexin-1; BCAM, basal cell adhesion molecule; HMOX1, heme oxygenase 1; ANXA3, annexin A3; MYO1C,
unconventional myosin-Ic; CTSD, cathepsin D; APOA1, apolipoprotein A-I; DPP4, dipeptidyl peptidase 4; ITGA3, integrin alpha-3; EZR, ezrin;
PECAM1, platelet endothelial cell adhesion molecule; FTH1, ferritin heavy chain.

pneumonia (44). In other words, CAV1 enhanced the resistance decreased airway hyperreactivity and lung inflammation (45).
of mice to Klebsiella pneumonia infection (44). Among The intravenous injection of MYLK peptide inhibitor reduced
20 proteins related to the regulation of actin cytoskeleton, lipopolysaccharide-induced lung inflammation in mice (46).
Rho guanine nucleotide exchange factor 1 (Arhgefl) and Also, 19 (9 down-regulated and 10 up-regulated) and 23 (9
myosin light chain kinase (MYLK) have been demonstrated down-regulated and 14 up-regulated) dysregulated proteins in
to be related to lung inflammation. For instance, Brown the pneumonia group vs. the control group were identified to be
et al. demonstrated that Arhgefl knockout mice presented implicated in the amoebiasis and cancer pathways, respectively.
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FIGURE 7
Quantitative RT-PCR analyses of gene expression in normal and diseased tissues. Quantitative expression patterns of genes, which was
calculated based on Ct value normalized against the housekeeping GAPDH gene. The *, **, and *** symbols indicate the P-value < 0.05, P-value
< 0.01, and P-value < 0.001 respectively

As mentioned above, the amoebiasis and cancer pathways
were shared in the top 10 KEGG pathways of up-regulated
and down-regulated proteins. Although amoebiasis and cancer
might be irrelevant or not the study’s subject, we supposed
that the immunology activity for pneumonia had the same
or like response activity in amoebiasis and cancer due to the
central roles of pneumonia-induced dysregulated proteins in
amoebiasis and cancer. Also, prior studies of some proteins
related to amoebiasis and cancer preliminarily validated our
speculation. For example, among amoebiasis pathway-related
proteins, integrin beta-2 (ITGB2), heat shock protein beta-
1 (HSPB1), LCN2, leukocyte elastase inhibitor (SERPINBI),
laminin subunit alpha-4 (LAMA4), and fibronectin (FN1)
have been found to be correlated with immunity. Wang
et al. demonstrated that ITGB2 depletion in combination
with CXCR7 and PDGFB knockdown markedly suppressed
Chlamydia pneumonia entry into human cells (47). Also,
ITGB2 has been identified as an immune-related gene (48,
49). HSPBI inhibitor J2 reduced lung inflammation (50).
Epinephelus coioides HSPB1 was a negative regulator in
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Singapore grouper iridovirus (SGIV)-induced innate immune
response and apoptosis (51). LCN2 not only plays a vital
role in antibacterial infection but also functions as a crucial
player in the immune response to pathogenic inflammatory
stimuli (52, 53). SERPINBI loss increased the susceptibility
of mice to pulmonary bacterial and viral infections (54, 55).
Also, SERPINBI1 controlled neutrophil survival and homeostatic
expansion of IL-174 yd and CD4+- Th17 cells (56, 57). LAMA4
deficient mice presented impaired recruitment of neutrophils,
monocytes, and lymphocytes to inflammatory loci relative to
wild-type mice (58). FN1 also has been found to be involved in
the regulation of innate immune response and to be correlated
with immune infiltrates in cancers (59-61). Among the cancer-
related proteins, signal transducer and activator of transcription
3 (STAT3) has been well documented to be inflammation
and immunity (62-64). Also, STAT3 served as a positive
regulator of pneumonia induced by influenza virus HIN1 (65),
Agiostrongylus cantonensis (66), and Mycoplasma pneumonia
(67). Combined with these data, we supposed that dysregulated
proteins related to amoebiasis and cancer might also function

frontiersin.org


https://doi.org/10.3389/fvets.2022.1012276
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Tang et al.

as crucial players in pneumonia, immune, and inflammation,
suggesting the same or like immune response activity between
pneumonia and amoebiasis or cancer.

Both KEGG pathway annotation and enrichment analyses
showed that dysregulated proteins played vital roles in pathways
related to bacterial infection (e.g., bacterial invasion of
epithelial cells, Staphylococcus aureus infection, and pathogenic
Escherichia coli infection) and immunity (focal adhesion,
phagosome, and complement and coagulation cascades),
suggesting that pathways related to bacterial infection and
immunity might be closely linked with the development
of pneumonia in FMD. Moreover, it has been reported
that bacteria including Staphylococcus aureus and Escherichia
coli are common risk factors for pneumonia in FMD (11,
12, 17, 68). Moreover, multiple bacterial pathogens, such
as Leclercia spp., Stenotrophononas maltophila, Staphylococcus
aureus, and Staphylococcus sciur, have been identified in bovine
pneumonia (69, 70). Thus, differentially expressed proteins
in the pathways of Staphylococcus aureus infection, bacterial
invasion of epithelial cells, and pathogenic Escherichia coli
infection were screened out. After integration, a total of
32 dysregulated proteins were identified to be implicated in
bacterial infection. Among these 32 proteins, 13 proteins,
whose sequences were aligned onto the bovine genome, were
screened out for further exploration given the close genetic
relationships between FMD and bovine. Based on the PPI and
node degree analyses of these 13 proteins, we supposed that
5 proteins (CTNNBI1, ITGB1, CTNNA1, DNM2, and KRT19)
might play crucial roles in bacteria-related pneumonia in FMD.
CTNNBI (protein name: B-catenin) and CTNNAL1 are two vital
players in the Wnt signaling pathway (71, 72). Wnt/B-catenin
signaling has been reported to be a target of bacterial virulence
factors (73) and a vital player in lung development and lung
diseases (74-77). Additionally, Chen et al. demonstrated that
morusin could mitigate mycoplasma pneumonia by inhibiting
the Wnt/B-catenin signaling pathway in mice lung tissues (78).
ITGBI, also named PBl-integrin, hindered bacterial clearance
and facilitated bacterial infection in cystic fibrosis airway cells
and cystic fibrosis mice (79).

Given the close correlation between immune system
dysfunction and pneumonia development, 85 differentially
expressed proteins (53 down-regulated and 32 up-regulated)
that were implicated in the immune system process were
filtered out based on GO annotation analysis. Among these
85 proteins, the sequences of 49 proteins were mapped to
the bovine genome. PPI and node degree analysis of these
49 proteins suggested that CTNNBI, ITGB1, ANXA5, CALR,
F2, MMP9, PECAM1, THBS1, HSP90AB1, HSP90B1, ITGA3,
and MSN might be the hub proteins in the pneumonia-
related immune responses in FMD. Some of these proteins
have been found to be implicated in pneumonia, lung
inflammation, and lung injury. For instance, CALR blockade
alleviated acute lung injury (ALI), reduced pro-inflammatory
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cytokine expression, and inhibited neutrophil and T cell
infiltration in bronchoalveolar lavage and lung tissues in
lipopolysaccharide (LPS)-induced ALI mouse model (80).
MMP9 loss facilitated pulmonary cell death and aggravated
lung injury in an interleukin-18 (IL-1B)-induced lung injury
mouse model (81). MMP9 acted as a potentially protective
factor against Streptococcus pneumonia infection (82, 83).
PECAMI, an endothelial cell adhesion molecule, played a
potentially protective role in lung injury and acute respiratory
distress syndrome (84, 85). THBS1 also has been found to
be implicated in the pathogenesis of gram-positive bacteria
and the development of lung injury (86, 87). For instance,
THBS1 loss reduced mouse survival rate, increased lung
bacterial burden and lung microvascular permeability, impaired
host defense against Pseudomonas aeruginosa (P. aeruginosa),
and potentiated inflammatory injury during P. aeruginosa
acute intrapulmonary infection (87), while P. aeruginosa is
a common pathogen of pneumonia in FMD (17). HSP90B1
depletion reduced the phagocytic capacity of macrophages
against Klebsiella pneumonia (K. pneumonia) (a common gram-
negative bacteria that can cause pneumonia) and inhibited
pro-inflammatory mediator release in alveolar and peritoneal
macrophages treated with LPS derived from K. pneumonia
or heat-killed K. pneumonia (88). Moreover, HSP90BI loss in
macrophages led to the increase of mouse lung K. pneumonia
loads and are duction in mouse survival rate during K.
pneumonia (88). CTNNA1 and CTNNBI are two members of
the catenin family (89). Multiple members of catenin family
including CTNNA1 and CTNNBI have been identified to
be implicated in immune responses (90-92). For example,
CTNNBI activation enhanced the inflammatory activity of
alveolar macrophages and facilitated acute host morbidity
in a murine influenza pneumonia model (93). Integrins are
crucial players in cell development, cell adhesion, pathogen
clearance, inflammation, and immune responses (35, 36). ITGB1
and ITGA3 are two integrin family subunits (94, 95). It has
been reported that ITGB1 mediated the entry of coronavirus
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-
2) (96) and the conditional depletion of ITGBI1 in type 2
alveolar epithelial cells could trigger emphysema, epithelial
dysfunction, increased efferocytosis and pulmonary macrophage
infiltration, and widespread lung inflammation in mice (97).
Also, Li et al. suggested that ITGA3 was implicated in the
infiltration of 6 immune cells (i.e., B cells, CD8T cells, CD4 T
cells, macrophages, neutrophils, and dendritic cells) in breast
cancer (98).

Conclusions
Taken together, our proteomics analysis revealed that 355

proteins were differentially expressed in diseased lung tissues
of FMD that died of pneumonia compared to the normal
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control group. KEGG annotation and enrichment analysis
showed that these dysregulated proteins mainly be associated
with bacterial infection and immunity. Moreover, we further
screened out the dysregulated proteins related to bacterial
infection (n = 32) and immunity (n = 85). Some key proteins
in pneumonia-related bacterial infection and immunity were
identified based on PPI and node degree analyses in the
FMD. This is the first study to investigate the lung proteomics
alterations caused by pneumonia in FMD, which can deepen
our understanding of the molecular mechanisms of pneumonia
in this rare species. Additionally, the identification of some
pathways and proteins that might play vital roles in pneumonia
development might contribute to the better management of
pneumonia and reduction of mortality rate in FMD. However,
only 6 FMD with 3 FMD in each group were used due to the
rareness of this species and the difficulty in the acquisition of
their organs.
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Due to the demand for high-quality animal protein, there has been consistent
interest in how to obtain more high-quality beef. As well-known, the adipose
content of beef has a close connection with the taste and quality of beef, and
cattle with different energy or protein diet have corresponding effects on the
lipid metabolism of beef. Thus, we performed weighted gene co-expression
network analysis (WGCNA) with subcutaneous adipose genes from Norwegian
red heifers fed different diets to identify hub genes regulating bovine lipid
metabolism. For this purpose, the RNA sequencing data of subcutaneous
adipose tissue of 12-month-old Norwegian red heifers (n = 48) with different
energy or protein levels were selected from the GEO database, and 7,630
genes with the largest variation were selected for WGCNA analysis. Then, three
modules were selected as hub genes candidate modules according to the
correlation between modules and phenotypes, including pink, magenta and
grey60 modules. GO and KEGG enrichment analysis showed that genes were
related to metabolism, and participated in Rap, MAPK, AMPK, VEGF signaling
pathways, and so forth. Combined gene interaction network analysis using
Cytoscape software, eight hub genes of lipid metabolism were identified,
including TIA1, LOC516108, SNAPC4, CPSF2, ZNF574, CLASRP, MED15 and
U2AF2. Further, the expression levels of hub genes in the cattle tissue were also
measured to verify the results, and we found hub genes in higher expression
in muscle and adipose tissue in adult cattle. In summary, we predicted the
key genes of lipid metabolism in the subcutaneous adipose tissue that were
affected by the intake of various energy diets to find the hub genes that
coordinate lipid metabolism, which provide a theoretical basis for regulating
beef quality.

KEYWORDS

different diets, WGCNA, lipid metabolism, energy metabolism, hub genes
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Introduction

Because the worldwide demand for meat products is
consistently increasing (1, 2), how to produce high-quality beef
has always been a topic of concern among scholars (3). RNA
sequencing has widely been used in animals to mine potential
regulatory molecules for many years. For instance, using this
approach, researchers have identified several pathways by which
KLF6 is involved in lipid metabolism (4). Studies have indicated
that the variation of the energy and protein levels in feed
(5), and the change in the energy and protein intake ratio
(6) have a non-negligible regulatory influence on cattle growth
and development, production performance, metabolic level,
immune function, and reproductive capacity. Meanwhile, the
content and distribution of adipose tissue which plays a role in
the metabolism of meat is an important factor affecting the taste
and quality of beef (7, 8). A study demonstrated that feeding a
high-energy diet effectively increased fat deposition in fattening
cattle (9). However, monotonous performance and phenotypic
changes have prevented us from understanding the molecular
mechanistic effects of different energy and protein intakes on
beef-related metabolism (10). At present, the complex molecular
regulatory mechanism of bovine subcutaneous adipose tissue is
not clear (11). Scholars at home and abroad have predicted many
key signaling pathways and regulatory genes regulating bovine
lipid metabolism through molecular biology and bioinformatics
analysis and other research methods (12-14).

Weighted gene co-expression network analysis (WGCNA) is
currently the preferred algorithm for calculating the correlation
between genes and phenotypes (15). Based on high-throughput
RNA sequencing data, it relies on the R software package (16) for
data analysis, constructs a cluster tree portraying different gene
modules, integrates genes with the same biological function into
one module systematically (17). The gene expression patterns
within the module are comparable (18), when they are associated
with phenotypes and participate in the same biological process
(19). To sum up, it is suitable for analyzing complex regulatory
mechanisms. At present, in the research of livestock and poultry,
researchers mainly forecast the regulatory network of important
economic traits (20), the molecular regulatory mechanism of
disease occurrence (21), and the associated network between
the phenotype of livestock and the internal molecular regulatory
mechanism by incorporating other bioinformatics analysis tools
(22, 23). Therefore, it is viable to employ WGCNA to explore
hub genes and metabolic processes that alter fat deposition. At
present, some results have been moderately reported in pigs (24),
chickens (25), cattle (26), and other animals (27).

Here, the association analysis between subcutaneous adipose
tissue genes of Norwegian red heifers fed on different energy
diets was conducted to predict the hub metabolic regulatory
genes of subcutaneous adipose tissue. Qinchuan beef cattle were
used as the molecular research objects to verify the generality
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of this result, which provide a theoretical basis for regulating
the metabolism of subcutaneous adipose tissue and improving
beef quality.

Materials and methods

Sample collection and processing

Tissues from the heart, liver, spleen, lung, kidney,
subcutaneous fat, and muscle from a healthy adult cattle and
newborn calf were collected after slaughter, frozen immediately
with liquid nitrogen, and stored at —80°C. The samples in
this study were collected from healthy Qinchuan beef cattle
with consistent growth and bred at the National Beef Cattle
Improvement Center of Northwest Agriculture and Forestry
University (Yangling, China).

Data collection and collation

The reads count matrix of transcriptome data of each sample
used in this study were obtained from GSE79347 dataset (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE79347). The
datasets respectively were from two types of Norwegian red
heifers (high-yielding dairy group, hmy; normal milk producing
group, lem) fed with four kinds of feeds, including high energy
high protein (HEHP), high energy low protein (HELP), low
energy high protein (LEHP), and low energy low protein (LELP).
Six biological replicates were taken from each treatment group,
with a total of 48 samples.

The raw data were converted into standard fastq format
through SRA tools (version 2.8.1) software, Then the quality
control and preprocessing of the data were carried out using the
FastQC (version 0.11.9) (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). For downstream WGCNA analysis, we
first extracted the protein-coding gene-set according to gene
annotation information from Ensembl database (https://asia.
ensembl.org/index.html). Then, the FPKM (Fragments Per
Kilobase of exon model per Million mapped fragments) value
of each gene was calculated according to the reads count, which
aims to normalize the gene expression.

Weighted gene co-expression network
construction

The weighted co-expression network was constructed by the
WGCNA package in R Studio (28, 29). The gene expression level,
first, was calculated based on the raw counts of each sample to
construct a gene expression matrix of 48 samples according to
FPKM (Fragments per Kilobase of transcript per million) which
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is a standardized measurement of transcription abundance. The
top 75% (30) genes with the largest variation were selected by
the gene expression level to construct a correlation matrix. Then
we chose the soft threshold p that best fits the scale-free network
to obtain the scale-free adjacency matrix which was computed
into a Topological Overlap Matrix (TOM). We constructed
a hierarchical clustering tree according to the corresponding
dissimilarity (1-TOM), the minimum number threshold of genes
in each module was set to 50, to identify modules by merging co-
expression similarity genes. In addition, similar modules were
merged based on the dissimilarity of module eigengenes with
a threshold less than 0.20 (31). Finally, Pearson correlation
analysis was performed between modular characteristic genes
(ME) and lipid metabolism. The results of the correlation and
significance levels of module eigengenes (MEs) with phenotypes
were displayed by the R software package ggplot2, and the
gene significance (GS) and module membership (MM) values
were exported.

Functional annotation of module genes
and screening of hub genes

The Pearson correlation coefficient greater than 0.3 and
p < 0.05 were used as thresholds to select modules for GO
function annotation and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis. The online
tool g:Profiler (https://biit.cs.ut.ee/gprofiler/) was used for GO
function annotation with default parameters (32). There were
three categories of GO annotation: biological process (BP),
cellular component (CC), and molecular function (MF). The
results were consistent with a p < 0.05 arranged in ascending
order of p-value, and the top 5 of the obtained results were
displayed. The module genes of KEGG pathway enrichment
analysis were implemented by KOBAS (http://kobas.cbi.pku.
edu.cn/genelist/) with default parameters (33) and screening
condition for significant enrichment according to p < 0.05.

The higher the GS value, the greater the correlation between
this gene and this phenotype is; the higher the MM value is,
the greater the contribution of this characteristic gene to this
module; the gene with the highest GS and MM values in the
module is regarded as a hub gene. Therefore, the intramodular
key genes were chosen based on | GS | > 0.2, | MM | > 0.9
with a p < 0.05 (34). The interaction network between key genes
obtained through weighted gene co-expression network analysis
and its target genes were arranged in descending order of weight,
and the top 200 (35) genes were selected and imported into
Cytoscape_V3.8.2 software (36) to select hub genes.

Quantitative real-time PCR analysis

After processing the beef tissues, we used RNAiso Plus Kit
(Trizol, Takara, Beijing, China) to extract the total RNA from
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TABLE 1 The hub genes’ quantitative PCR primer sequences.

Genes Primer sequences(5’-3’) Annealing
temperature

B-actin F ATCGGCAATGAGCGGTTC 60°C

R: CGTGTTGGCGTAGAGGTC 60°C
TIAI F:  GGATACAGCCGGAAATGATCCA 60°C

R TGTGTGCTGACAACGGTACT 60°C
LOC516108 F:  GCTGTAGGGCGGAAGATGTG 60°C

R:  AGCCTCCTGTCCAGAGACATA 60°C
SNAPC4 F CTTCAAGCAGTTGCCAAGTATG 60°C

R:  CCAACGCCGTATTTTTCTATC 60°C
CPSF2 F CGCTTTGGGGCAGGACTTAT 60°C

R:  ATAAATTCCTTCTGGGCGGGG 60°C
CLASRP F GAAGAAGGCATCCATCGGCTACAC  60°C

R: GCATCCTGACGAAGTCGCCATC 60°C
ZNF574 F TACCGCAAAGCAGAAGAGG 60°C

R: ACCTCGGTCACCACCTCAGT 60°C
MEDI5 F ACGTTTCGGGGCAGGAGA 60°C

R TCTTGGCCTTCAGGAACACG 60°C
U2AF2 F:  GTCTCGCGCAGCCTTCTTA 60°C

R GAGAGGAAACGGAGAAGGGC 60°C

the beef heart, liver, spleen, lung, kidney, muscle, and adipose
tissues. The cDNA was obtained by reverse transcription kit
(PrimeScript™ RT reagent Kit with gDNA Ewraser, Takara,
Beijing, China). The DNA and CDS region sequences of hub
genes were downloaded from the NCBI database for primer
design. Then, the designed primer sequences were uploaded to
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) for specificity
test. Primer sequences are shown in Table I. The relative
expression levels of hub genes in adult cattle heart, liver, spleen,
lung, kidney, muscle, and adipose tissue were measured, and
the expression levels of hub genes in the adult cattle and the
newborn calves adipose tissue were compared. Quantitative
real-time PCR were performed using the PerfectStart Green
qPCR SuperMix kit (TransGen Biotech, Beijing, China), and
the results were obtained. It should be noted that three
biological replicates and technical replicates were performed
for all experiments. SPSS 25 (37) and Graphpad Prism 9 (38)
softwares were used for difference significance analysis and
mapping, respectively.

Statistical analysis

The relative expression levels of different quantitative real-
time PCR data were analyzed by the 272ACt method. All
experiments were performed in triplicate. The results were
expressed as mean =+ standard error of the mean (SEM).
Statistical analyzes were performed with SPSS 25 (37) and
Graphpad Prism 9 (38). Differences between groups were
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calculated by Analysis of Variance (ANOVA) methods and
significance was indicated by lowercase letters or asterisks.
*p < 0.05, significant; **p < 0.01, moderately significant;
*%¥p < 0.001, highly significant; and ***p < 0.0001,
extremely significant.

Results

Construction of weighted gene
co-expression network

A total of 7,630 genes, which was the largest variation,
were obtained for subsequent analysis. There was no outlier
in the samples through 48 samples drawn with a hierarchical
clustering tree. First, the soft threshold was filtered. When the
soft threshold p = 10 in this test, the scale-free network fitting
index (R?) was greater than 0.85 (Figure 1A) and the average
connectivity approached 0 (Figure 1B), which conforms to the
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characteristics of a scale-free network. Then, by merging similar
modules with the dynamic hybrid-cutting method and setting
the MEDissThres cutting line to 0.20, light cyan was merged
with cyan, yellow was merged with black, turquoise was merged
with green, midnight-blue was merged with brown, and tan and
purple were merged with pink (Figure 1C). Finally, there were
15 modules with different colors, blue, grey60, red, cyan, pink,
light-green, salmon, royal blue, black, green-yellow, light-yellow,
magenta, brown, green, and grey (Figure 1D). The number of
genes in the different modules had a large variation, from 85
genes in the royal-blue module to 1954 in the green module
(Supplementary Table S1).

Identification of candidate modules

As shown in Figure 2, there were three modules among 15
modules whose filter condition | R | > 0.3 (p < 0.05) were
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selected as key genes candidate modules, including the grey60
module, pink module, and magenta module. The grey60 module
(R= -037,p=
with low energy and low protein diets. Conversely, the pink
module (R = 0.38, p = 0.008) significantly correlated with low
energy and low protein diets, as well as significantly negatively
associated with high energy and low protein diets (R = —0.33,
p = 0.02). The magenta module (R = 0.3, p = 0.04) was
significantly positively related to low energy and low protein

0.01) significantly negatively correlated

diets. According to the analysis results, the different energy
intakes of Norwegian red heifers had a significant impact on
their gene expression. Therefore, these three modules were
screened as lipid metabolism-related modules for subsequent
functional analysis and identification of hub regulatory genes.

Functional enrichment analysis of three
modules

To understand the molecular functions and biological
pathways of genes in co-expression modules closely correlated
with different feeding methods, the genes of three modules
were executed to GO and KEGG enrichment analyzes above.
Among the GO terms (Supplementary Table S2), the pink
module genes were mainly used as nucleoplasm, cytoplasmic,
and organelle components that participated in the regulation of
the RNA metabolic process, regulation of nucleobase compound
metabolic process, regulation of transcription, regulation of
nucleic acid-templated transcription, and regulation of RNA
biosynthetic process (Figure 3A). The cellular component of
the grey60 module genes was significantly enriched in the
nucleoplasm (Figure 3B). Moreover, the biological processes
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of the magenta module were closely related to carbohydrate
derivative metabolic processes (Figure 3C).

The KEGG enrichment results of the pink module showed
that the pathways, such as Rapl, MAPK, Notch, VEGE, IL-17,
GnRH signaling pathway, and beta-alanine metabolism were
related to different energy intakes (Figure 4A). Additionally, the
pancreatic secretion, glycerophospholipid metabolism, Rapl,
and MAPK signaling pathway were enriched in the grey60
module (Figure 4B) and the thermogenesis process, insulin
resistance process, non-alcoholic fatty liver disease (NAFLD),
oxidative phosphorylation, pyrimidine metabolism, insulin
signaling pathway, adipocytokine signaling pathway, AMPK
signaling pathway, metabolic pathways, and VEGF signaling
pathway were enriched in the magenta module and were closely
associated with low energy and low protein diets (Figure 4C).
The complete results are shown in Supplementary Table S3.

Hub genes associated with lipid
metabolism

To identify hub genes, | GS | > 0.2, | MM | > 0.9, and
weighted p < 0.05 were used as the identification criteria in
grey60, pink, and magenta modules (Supplementary Table 54).
The TIAI gene in the grey60 module (Figure5A) and the
LOC516108 gene in the magenta module (Figure 5B) met the
requirements, which were exported to Cytoscape to construct
a network of relationships between genes. The pink module
had more genes, so the top 200 genes were selected according
to weight, calculated, and visualized using the Cytohubba
tab in Cytoscape (Figure 5C). The results showed that TIAI,
LOC516108, SNAPC4, CPSF2, ZNF574, CLASRP, MEDI5, and
U2AF2 were hub genes.
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The tissue expression profile of 8 hub genes. (A) Tissue expression profile of TIAL. (B) Tissue expression profile of LOC516108. (C) Tissue
expression profile of SNAPC4. (D) Tissue expression profile of CPSF2. (E) Tissue expression profile of ZNF574. (F) Tissue expression profile of
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in adipose. *Denotes significance according to ANOVA methods, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Expression analysis of hub genes

RNA was extracted from the heart, liver, spleen, lung, kidney,
muscle, and adipose tissue of the adult cattle and the adipose
tissue of newborn calves, and reversely transcribed into cDNA.
The primers of eight hub genes were combined with the tissue
cDNA by PerfectStart Green qPCR SuperMix kit to determine
the relative expression levels. The tissue expression profile
showed that the relative expression level of eight hub genes was
higher in adipose tissue as energy storage and muscle tissue
as a metabolic organ (Figures 6A-H). At the same time, the
expression level in adipose tissue of adult cattle was significantly
higher than the expression level in adipose tissue of newborn
calves (Figure 61).

Discussion

In this research, bioinformatics analysis techniques were
used to correlate the metabolic gene expression levels of
subcutaneous adipose tissue of Norwegian red heifers with
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various energy and protein diets, and to predict the regulated
lipid metabolism hub genes and biological processes linked with
energy intake. The results indicated that different energy intakes
were involved in the metabolic process of the subcutaneous
adipose tissue of Norwegian red heifers, while different protein
intakes did not significantly affect the metabolic process,
which was consistent with the results of previous studies;
but intergene regulatory network and hub genes were not
identified in previous studies (39). Consequently, we eventually
identified eight hub genes in three modules that regulate
subcutaneous adipose tissue metabolism by weighted gene co-
expression network analysis, laying a foundation for further
understanding the regulatory mechanism of diverse energy
intake on subcutaneous adipose tissue metabolism.

Enrichment analysis results of three
modules

GO functional annotation and KEGG enrichment analysis
were carried out on the three selected modules, and the
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GO results showed that all 138 genes of the grey60 module
were used as components of cellular nucleoplasm, and studies
showed that part of the eukaryotic ribosome synthesis is carried
out in nucleoplasm, resulting in huge energy consumption
(40). Chromosome rearrangement in the nucleoplasm is also
associated with carbohydrate intake (41), and energy intake
may affect the biological processes in the nucleoplasm, thus
affecting the expression of genes in the nucleoplasm. In addition,
genes significantly associated with low energy and low protein
in the grey60 module were primarily enriched in Rapl, MAPK,
pancreatic secretion, glycerophospholipid metabolism, and so
on. Studies have shown that the Rap1 signaling pathway controls
systemic metabolism in the hypothalamus (42), regulates
metabolic processes inside and outside the nucleus (43), and
regulates energy dissipation processes such as plasma membrane
transport signal transduction, endocytosis, exocytosis and cell
membrane fusion (44). It has also been found to regulate the
glucose metabolism process in mice, which can improve blood
glucose and diabetes (45), and Rap1 protein is also an activator
of MAPK signaling (46). MAPK signaling pathway is believed
to play an important role in the regulation of insulin secretion
and type II diabetes mellitus (T2DM) (47), and the secretion
dose of insulin controls the lipid accumulation of precursor
adipocytes and regulates the metabolism of adipose tissues
(48). Besides, the MAPK signaling pathway was also found to
be negatively regulated by TREM-2 in diet-induced diabetic
mice (49), and genes enriched in the MAPK signaling pathway
were shown to be related to lipid metabolism in mice (50).
Because the main function of the pancreas is to secrete lipase
(51), and the content of hydrolyzed fat of secreted pancreatic
lipase accounts for more than 80% of the total diet (52), the
pancreatic secretion process was markedly influenced. When
mice were fed with various energy diets, the glycerophospholipid
metabolism pathway was substantially distinct between low-
energy and high-energy experimental groups (53), which was
consistent with the results of this research. Therefore, GO
and KEGG results revealed that genes in the grey60 module
related to low energy and low protein diets were predominantly
used as nucleoplasm components to regulate the adipose
metabolism pathway.

In the GO results of the pink module, genes were
mainly involved in RNA metabolism, regulation of nucleobase
compound metabolic process, regulation of transcription,
and regulation of nucleic acid-templated transcription as
nucleoplasm, cytoplasmic, and organelle components. The
KEGG analysis demonstrated that the module genes were mostly
enriched in Rapl, MAPK, Notch, VEGE IL-17, and GnRH
signaling pathways. Rapl and MAPK signaling pathways were
also the main gene enrichment pathways in the grey60 module,
which further confirms the importance of these two pathways
for energy metabolism. Notch signaling was activated in mice fed
a high-energy diet (54), and KCTD10 has also been recognized
as an upstream regulator of Notch signaling to regulate brown
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fat thermogenesis and whole-body metabolism (55). Studies
have also found that the VEGF signaling pathway is regulated
by calcium dobesilate (CAD) to alleviate diabetes in mice
with high energy diet (56), and gene encoding cyclooxygenase
2(COX2) regulates glucose and lipid metabolism by regulating
VEGEF signaling pathway in mice with obesity caused by high
energy diet (57). Besides, studies have discovered that IL-17
and Azgpl interact with each other to alter lipid metabolism
in mice with a high-energy diet (58). Finally, gonadotropin
has been found to be too low in rabbits on a high-energy
diet (59), and metabolic pathways regulate the gonadotropin
signaling pathway by affecting the hypothalamus have also been
confirmed (60). In conclusion, the pink module is still closely
associated with specific energy metabolism.

For the GO annotation, magenta module genes are
mainly involved in carbohydrate metabolism as nucleoplasm,
cytoplasm, and organelles, as well as KEGG, showed that
genes in the module were enriched in thermogenesis, oxidative
phosphorylation, pyrimidine metabolism, insulin signaling
pathway, adipocytokine signaling pathway, AMPK signaling
pathway, metabolic pathways, and VEGF signaling pathway.
In the clinical study, 28 people were put on a low-energy
diet, and the blood analysis of the patients indicated that a
low-energy diet involved carbohydrate metabolism and insulin
secretion (61). Insulin secretion and AMPK signaling pathway
were also considerably modified after 14 weeks of high and
low-energy diets in mice (62) in the magenta module. In
previous studies, carbohydrate metabolism in adipose tissue was
altered when mice were fed diets with different energy levels
(63), and modulation of energy levels in the rat diet was also
found to result in shifts in AMPK and insulin signaling (64).
Likewise, in previous studies, 3-month-old mice were treated
with high-energy and low-energy diets for 72h, respectively,
and both treatments involved the insulin secretion process and
VEGEF signaling pathway (65). All these results prompted us to
further evaluate the relationship between genes and changes in
energy metabolism.

Hub genes in three modules

Under the low-energy and low-protein diets, genes were
down-regulated in the grey60 module. The TIAI, as the hub
gene in the module, shuttled in the nucleus and was responsible
for gene transcription and pre-mRNA splicing (66). In addition,
the TIAI as an RNA-binding protein performed a role in
translational regulation in the cytoplasm (67, 68), which is
closely related to biological processes such as cell proliferation
and apoptosis (69), immunity, and inflammation (70). At the
same time, the TIAI gene has also been proven to be the core
regulatory gene of RNA metabolism (71) and involved in a
variety of cellular metabolic processes (72). It was identified
that deletion of the TIAI gene in mice was comparable to mice
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under starvation conditions, leading to upregulation of Plin4,
Pnpla2, Pnpla7, and other genes (73), which are responsible for
lipid droplet generation (74, 75), free fatty acid supply (76),
regulation of energy metabolism, and lipid metabolism (77).
The downstream gene regulated by TIA1 and PDGFD is also a
newly identified adipokine (78) which is down-regulated during
adipogenesis in humans and mice (79), consistent with the
results of this analysis.

Genes in the pink module are positively correlated with
low-energy and low-protein diets, and negatively correlated
with high-energy and low-protein diets. Among the hub genes,
SNAPC4 is related to pancreatic development (80), and the
functions of the pancreas are secreting digestive enzymes
and hormones to coordinate the digestion and absorption of
nutrients and energy metabolism (81, 82). The BUBIB, as
their downstream target gene, is co-regulated by SNAPC4, the
recognition-specific polyadenylation signaling gene (83, 84),
is co-regulated by SNAPC4, CPSF2 and the RNA splicing
gene (85). The CLASRP and its expression fluctuated in the
lungs of 16-week-old mice on a high-energy diet (86, 87).
Moreover, the down-regulation of BUBIB gene expression
was also determined after 72h of OE33P cells in a high-
fat medium (88). Down-regulation of ILI7RA, a downstream
gene of ZNF574 (the hub gene in the pink module), was
found to reduce the side effects of obesity in mice fed with
high energy diet for 9 weeks (89). As a key factor in the
lipid regulation (90), MEDI5 converts saturated fatty acids
into unsaturated fatty acids to regulate lipid metabolism (91).
Its downstream target gene FADD has also been convinced
to be a key factor in glucose and lipid metabolism (92). In
addition, mice, after 15 weeks of high-energy feeding, were
found with down-regulated FADD and were not as obese as
wild-type mice (93), which confirmed that the body may affect
metabolism through down-regulation of FADD and decrease
the impact of obesity. The U2AF2, the last hub gene in
the pink module, binds to the U2AFI (94) and regulates
translation through RNA in the cytoplasm (95, 96). Down-
regulation of its downstream gene EGLN2 was found to
ameliorate metabolic problems in mice fed a 12-week high-
energy diet (97).

LOC516108, the hub gene in the magenta module, is a
protein-encoding gene, and its regulated CAB39 was found
to be a direct target of microRNA-451 in adipocytes (98).
After 20 weeks of high-energy feeding, microRNA-451 was
down-regulated and CAB39 expression was also altered in mice
compared with the control group (99). The ATP8 downstream
of the hub gene principally affects mitochondrial function (100),
and has been identified to regulate insulin secretion and glucose
metabolism of pancreatic B-cells in high-fat diet mice (101).
Other studies have found that HRAS is up-regulated in low-
fat diet mice (102), which is also the gene downstream of
LOC516108, mainly blocks fat generation and regulates energy
metabolism (103, 104).
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To further verify the reliability of the results, real-time
quantitative analysis of eight hub genes was performed in the
heart, liver, spleen, lung, kidney, muscle, and adipose tissue of
healthy adult cattle and newborn calves. Compared to the eight
hub genes in the relative expression of the adult cattle group,
we found that the relative expression quantity was elevated
in the adipose tissue of energy storage and muscle tissue as
a metabolic organ. When adult cattle and calf adipose tissues
were compared, the relative expression levels of the eight hub
genes were considerably higher in adult cattle than in newborn
calves and were two to three times higher numerically. These
results suggest that the above eight hub genes can turn on the
homeostatic regulation of the metabolism of substances in the
body by adjusting the external feeding method. However, the
regulatory mechanism of their metabolism in vivo is still unclear
and needs to be further explored.

Conclusions

In summary, we explored the effects of distinct energy
and protein feeding methods on the changes of the entire
transcriptome of cattle and screened out three related modules
(grey60, pink, and magenta modules) by constructing a
weighted co-expression network. They were related to the
nucleoplasm, cytoplasmic, and organelle components, and
participated in Rapl, MAPK, AMPK signaling pathways, and
so on. Furthermore, we identified eight hub genes from these
three modules, namely TIA1, LOC516108, SNAPC4, CPSF2,
CLASRP, ZNF574, MED15, and U2AF2, which were all related
to metabolic regulation. Our findings systematically elucidated
the biological processes and important regulators closely related
to subcutaneous adipose tissue metabolism, which would
contribute to a better understanding of molecular mechanisms
in the subcutaneous adipose tissue metabolism and provide
useful reference information for molecular breeding of cattle.
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The genome contributes to the uniqueness of an individual breed, and enables
distinctive characteristics to be passed from one generation to the next.
The allelic heterogeneity of a certain breed results in a different response
to a pathogen with different genomic expression. Disease resistance in
chicken is a polygenic trait that involves different genes that confer resistance
against pathogens. Such resistance also involves major histocompatibility
(MHC) molecules, immunoglobulins, cytokines, interleukins, T and B cells,
and CD4+ and CD8+ T lymphocytes, which are involved in host protection.
The MHC is associated with antigen presentation, antibody production,
and cytokine stimulation, which highlight its role in disease resistance. The
natural resistance-associated macrophage protein 1 (Nramp-1), interferon
(IFN), myxovirus-resistance gene, myeloid differentiation primary response
88 (MyD88), receptor-interacting serine/threonine kinase 2 (RIP2), and
heterophile cells are involved in disease resistance and susceptibility of
chicken. Studies related to disease resistance genetics, epigenetics, and
quantitative trait loci would enable the identification of resistance markers
and the development of disease resistance breeds. Microbial infections are
responsible for significant outbreaks and have blighted the poultry industry.
Breeding disease-resistant chicken strains may be helpful in tackling pathogens
and increasing the current understanding on host genetics in the fight against
communicable diseases. Advanced technologies, such as the CRISPR/Cas9
system, whole genome sequencing, RNA sequencing, and high-density
single nucleotide polymorphism (SNP) genotyping, aid the development of
resistant breeds, which would significantly decrease the use of antibiotics and
vaccination in poultry. In this review, we aimed to reveal the recent genetic
basis of infection and genomic modification that increase resistance against
different pathogens in chickens.

KEYWORDS

chicken MHC, genetics, SNPs, non-coding RNAs, pathogens, infectious diseases, novel
technology

frontiersin.org
133


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2022.1032983
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2022.1032983&domain=pdf&date_stamp=2022-11-10
mailto:ibrar.pesh@gmail.com
mailto:liuyong@fynu.edu.cn
https://doi.org/10.3389/fvets.2022.1032983
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fvets.2022.1032983/full
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Gul et al.

Introduction

The breeding of chicks with polygenic resistance is the
top priority of poultry farmers as these chickens may tolerate
challenging environments without losing their productivity. The
poultry industry is susceptible to bacterial, viral, and protozoal
pathogens that cause several infectious diseases and reduce
growth yield, productivity, and profit. Prophylactic measures,
such as vaccination, antibiotics, disinfectants, and culling, are
used to control infections in poultry (1). However, current
vaccines lack cross-protection against multiple strains of each
virus. Furthermore, the mutagenicity of viruses has led to the
emergence of highly virulent strains (2). To counter emerging
pathogens, a genetically resistant breed should be developed
to prevent outbreaks, enable sustained economic viability, and
retain consumer confidence in poultry products. By rearing
genetically disease-resistant flocks, a breed that can withstand
infectious diseases and pathogens owing to its unique genetic
modifications, can be obtained (1, 3, 4).

Many disease-resistant genes, including MHC, chicken
interleukin 1beta converting enzyme 1 (Caspasel), inducible
nitric oxide synthase, IFN, Nramp-1, myxovirus-resistance gene,
and toll-like receptor (TLR) genes, play a role in the active
immune system of chickens (4, 5). The immune system varies
among different hosts, which exhibit different responses to
immune cells, such as T and B cells, antibody production,
phagocytosis, and lymphocyte proliferation that protect the
host from pathogen damage (3). The communication network
of immune cells consists of T and B cell receptors, MHC,
antibodies, and cytokines that are involved in antigen processing
of the effector cells, and play a pivotal role in resistance and
susceptibility against bacterial, viral, and parasitic diseases (3, 5).
For instance, the Athens Canadian Random Bred strain, which
is the oldest pedigreed meat-type chicken existing since the
1950’s, has a more stable immune response and disease-resistant
phenotype than modern-day broilers (6).

Based on genomic analysis, phosphoinositide-3-kinase—
protein kinase B, Janus kinase/signal transducers and activators
of transcription (JAK/STAT), nuclear factor kappa B (NF-kB),
IL-1B, and IL-6 mRNA are highly expressed in Athens Canadian
Random Bred compared to modern broiler (6). In our previous
work, immunoglobulin lambda light chain precursor, Ig-gamma
(clone-36 chicken), P01875, and PIT-54 genes were identified to
be involved in immune response during embryogenesis (7). In a
subsequent study, dietary ellagic acid was found to significantly
increase antioxidant and antibacterial activities in layers and
improve bird health status (8). Importantly, breeding with
new technologies improves poultry productivity and enhances
disease resistance traits. For example, the livestock-breeding
program produced nematode-resistant sheep (9). Similarly,
birds resistant to lymphoid leucosis and Marek’s disease (10),
mastitis-resistant cattle (11), immunocompetent pigs (12), bird
flu-resistant chickens (13), Trypanosoma resistant cows (14),
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porcine reproductive and respiratory syndrome virus-resistant
pigs (15), and prion protein-resistant sheep and goat (16, 17)
have been developed.

As poultry products are globally consumed on a large scale,
there has been substantial interest in generating disease-resistant
chicken. Here, we aimed to discuss the genetic responses
of chickens to bacterial, viral, and protozoal pathogens, and
summarize recent advancements in the generation of pathogen-
resistant chickens via gene expression modulation using the
CRISPR/Cas system (clustered regularly interspaced short
palindromic repeat/Cas9), RNA interference (RNAI), and viral
vectors. Finally, we highlighted some candidate genes that are
involved in various biological pathways and may contribute to
the resistance of chickens against the diseases.

Genetic roles in host resistance and
susceptibility

The MHC gene is widely evaluated in chickens to identify
differences in their resistance and susceptibility to certain
pathogens and infectious diseases. MHC class I, II, III, and IV
molecules are unique and distinct between species, leading to
a differential MHC response among individuals (3). Chickens
have few MHC genes with different haplotypes involved in the
development of resistance against bacterial, viral, and protozoal
pathogens. For instance, MHC haplotype B19 is associated
with susceptibility, while B2 and B21 are involved in resistance
(18). MHC-dependent resistance and susceptibility rely on
peptide-binding specificity. For example, chicken-affected cells
expressing MHC-I haplotype, which binds to the Rous sarcoma
virus src peptide targeted by cytotoxic CD8+ T cells, are
resistant to Rous sarcoma virus (19). In susceptible chickens,
the MHC haplotype does not bind with viral peptides, and
chickens are infested by the virus. For instance, the MHC
class I haplotypes do not bind to the antigenic peptides of
MareK’s disease virus (MDV), resulting in chickens remaining
susceptible (19). The chicken MHC haplotype has a regulatory
effect on immune cells resistant to the Rous sarcoma virus and
exhibit enhanced natural killer cell activity (20). In a recent
study, the MHC haplotypes B15 and B21 homozygotes led to the
lowest MDV-induced tumorigenesis and lymphoma formation
in VALO specific pathogen-free chickens, demonstrating that
MHC conferred resistance to oncogenic herpesviruses (21).
Notably, the MHC-peptide complexes engaged T cell receptors
(TCRs) that recognize antigens on MHC molecules with the
cooperation of CD4+ or CD8+ coreceptors and activate T
cells (22). Each T cell has a unique TCR that recognizes
and binds with the antigenic peptide on the infected cell
surface. The antigen peptides are derived from intracellular
pathogens, such as viruses and bacteria, and are displayed at
the cell surface by MHC for immune clearance (23). Viruses,
such as the avian leucosis virus, have six subgroups, with
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subgroup ] causing severe outbreaks in China. The avian
leucosis virus subgroup ] receptor is a sodium/hydrogen
exchanger 1, which is edited on chicken somatic cell lines
that are resistant to avian leucosis virus in vitro (24). Avian
influenza virus replication is facilitated by the acidic leucine-
rich nuclear phosphoprotein-32A (ANP32A) protein in chicken
and waterfowl. An in vitro study revealed that the deletion of
a minor region of chicken ANP32A stops the replication of the
avian influenza virus (25). Although such studies have increased
our understanding of the genetic roles, a functional study of
edited ANP32A and sodium/hydrogen exchanger 1 gene has
not been performed in vivo and edited chicken has hitherto
been developed.

Generally, increasing poultry resistance to infectious
pathogens via gene modification is an ideal approach for the
development of transgenic livestock. In particular, resistance
to diseases originates from the interplay of numerous genes.
For example, the mouse fibroblast cell lines are resistant to
influenza virus owing to the autosomal dominant Mx1 allele of
the murine Mx gene (26). The introduction of the Mx1 gene
in mice lacking the Mxl1 allele leads to influenza-resistant mice
(27) whereas transfer of the same gene in swine does not result
in viral-resistant pigs (28). The overexpression of pathogen
anti-receptor proteins blocks viral attachment and penetration,
and alters the host receptor genes that prevent viral attachment
and enhanced resistance against diseases (29). Transgenic
chickens express a recombinant avian leukosis envelope protein,
which inhibits the corresponding subgroup of avian leukosis
virus attachment (30). Similarly, transgenic sheep express the
Maedi-visna virus envelope protein and display resistance via
the prevention of virus adhesion to host cells (31). Collectively,
the observed immune responses of chicken against viral,
protozoal, and bacterial agents are pathogen-specific, and are
closely linked to expression changes in MHC, Nramp-1, RIP2,
MyD88, IFN, interleukin, MX1, TLR4, antibodies, and immune
cells that govern antibacterial and antiviral states (Figure 1).

Genetic resilience and viral pathogens

Viral diseases cause more outbreaks, reduce growth
performance and productivity, and cause immunosuppression
in poultry (3). MareK’s disease, a well-known viral disease, is
caused by MDV. MareKs disease is a lymphotropic disease
in chickens and the MDYV targets all avian species, causing
symptoms such as paralysis, loose watery stool, lymphomas,
wasting, and immunosuppression. The poultry response to
Marek’s disease is the activation of MHC molecules and
cytokines that give resistance to MDV (22). Other genes that
confer resistance to MDYV include GHI, SCA2, IRGI, CD79B,
PTPN3, LY6E, and SMOCI (32). Another important virus is
influenza, a zoonotic virus that causes avian flu. Genes, such as
interferon-inducible transmembrane, a retinoic acid-inducible
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gene I, and MXI gene polymorphisms are reported to be
associated with susceptibilities to avian influenza in chickens
and ducks (33, 34). Newcastle disease virus widely infects
chickens. Newcastle Disease is characterized by ruffled feathers
of chicken, and respiratory, neurological, hyperthermia, and
listlessness complications in affected chickens (35). Potential
genes, such as IFNu, IFN-y, DDX-1, MHC-1, and IL-6, were
identified in chicken embryos infected with Newcastle disease
virus. These important genes have an antiviral function and
induce TLR-mediated activation of macrophages and dendritic
cells in response to viruses (36). Newcastle disease virus-infected
Fayoumis birds were found to have lower expression of EIF2B5,
EIF2S3, EIF2B4, and EIF2S3 than Leghorn’s infected lines. Such
results indicate that different genetic lines display different
expression of host translation initiation factor-2 associated
genes, which might contribute to their differential resistance
to Newcastle disease virus (37). In a study conducted in
Ghana, three Ghanaian local chicken ecotype responses to the
lentogenic and velogenic strains of Newcastle disease virus
assessed. Based on the findings, resistance to Newcastle disease
virus was identified to be caused by an individual’s chicken
genetic makeup and not by the chicken ecotype (38). The
genes, MHC-B locus, LEI0070, ADL0146, LEI0104, ADL0320,
and ADL0304, are associated with a direct response of antibody
titer against Newcastle disease virus in chickens (39). Wang
et al. (40) revealed that the hemoglobin family genes, functional
involvement of oxygen transportation and circulation, and cell
adhesion molecule signaling pathway play significant roles in
disease resistance to AIV infection in chickens. The influenza
H5N1 strain was inoculated into genetically resistant and
susceptible Ri chicken native to Vietnam. The resistant chicken
displayed a group of genes, MX1, TLR3, STAT1, IRF7, IFN, and
cytokines, which are found in H5NI1 strain-resistant chickens
(41). Avian Leukosis virus infection is highly receptor-specific
and the Leukosis virus subtype A uses specific membrane
proteins, such as Tva receptors for binding, CARI receptors
for avian Leukosis virus subtypes B & D attachment, and
SEAR receptors for Avian Leukosis virus subtype E, which
is encoded by tumor virus genes (42). These chicken breeds
express certain receptors on their cell surface, such as Tva
and CARI, and are susceptible to the corresponding avian
Leukosis virus subtype (42, 43). Chickens resistant to infectious
bronchitis, Newcastle disease, Marek’s disease, coccidiosis, and
salmonellosis had high production of IFN-y, which validated
the enhanced production of Thl and cytotoxic T cells (44). By
examining fowl Adenovirus serotype 4 infection, which causes
hepatitis hydropericardium syndrome in poultry, Xiang et al.
(45) revealed that the expression levels of IL-6, IL-1pB, IFN-
a, JAK, and STAT were significantly high after viral infection.
In summary, during infection, the host induces changes in
gene expression that confer transient or long-lasting protection
against pathogens. Exploring why, when, which, and how a
host reprograms its genome against infectious pathogens is an
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The host edited-genome and active immune responses of chicken during pathogen attack. Usually, chicken antigen presenting cells (dendritic
cell, macrophage, B cell) engulf, digest, and present pathogen antigen on the cell surface in conjunction with an MHC molecule. The
MHC/peptide complex stimulates the TCR and activates CD4+ and CD8+ cells. Accordingly, cytokines are produced, cell-signaling pathways
such as JAK/STAT are activated, and a disease resistance state is developed inside the chicken that counters the pathogen virulence.

exciting research topic that can reveal the amplitude of virulence
and its genetics.

Genetic resilience and autoimmune
diseases

The TCR exhibits polymorphism that creates high diversity
and differences in disease response by T cells (38). The TCR
diversity is due to gene rearrangement where different segments,
including variable (V), diversity (D), and joining (J) segments
of the TCR gene, randomly recombine, and genes for the a, B,
v, and § chains are formed (46). Although chickens have few
V, D, and ] genes that limit TCR diversity, TCR heterodimers
can be created. For example, the TCR heterodimers of the o
and P chains are the ap T cells distinguished by the V region
of the B-chain that causes VB1+ (TCR 2) and V@2+ (TCR 3)
with functional multiplicity (47). TCR defects in chicken are
associated with susceptibility to autoimmune diseases. In fact,
the TCR defects in scleroderma disease cause low CD4+ cells
and non-specific T cell response in chicken (48). Moreover,
autoimmune thyroiditis disease is prevented by the depletion of
CD4+- cells, highlighting the involvement of the TCR V1 gene
(49). Coccidiosis-resistant chicken lines have a high number of

Frontiersin Veterinary Science

136

CD4+ cells whereas susceptible chickens have a high number of
CD8+ cells (50). Moreover, a low number of CD8+ was detected
in turkeys infected with Newcastle disease virus, Pasteurella
multocida, and Erysipelothrix rhusiopathiae (50) whereas a high
number of CD8+ cells was found in amyloidosis-resistant
chickens compared to susceptible chickens (51). Altogether,
the amount of CD4+ and CD8+ in resistant or susceptible
birds does not align with a particular disease or pathogen
in poultry, which might be due to the polymorphism of
CD8+ and CD4+. CD4+ cells exhibit resistance toward non-
intracellular while CD8+ cells exhibit toward intracellular
pathogens that direct differential immune responses against
a pathogen (52, 53). In conjunction with cellular immunity,
humoral immunity plays a very key role in resistance to diseases.
Immunoglobulin genes produce antibodies, and chickens with
high antibody production display resistance against microbes,
such as Mycoplasma gallisepticum, Escherichia coli, Newcastle
disease virus, and Salmonella enteritidis relative to low antibody
producers (54, 55). Chicks that are high antibody producers
have numerous CD4+ and type II helper T lymphocytes (Th2),
whereas low antibody producers have numerous CD8+ cells
and type I helper T lymphocytes (Thl) that improve their
resistance against pathogens (56, 57). The Th1 cytokines include
IFN-vy, IL-2, and IL-12 whereas the Th2 cytokines include IL-
4, IL-5, IL-6, and IL-10, which stimulate cell-mediated and
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antibody responses, respectively (58). Altogether, variations exist
in cellular and humoral immune responses in different chicken
breeds, and high expression of cytokines leads to a higher
immunocompetence of the host.

Genetic resilience and bacterial
pathogens

Bacterial invasiveness in chickens depends on the species,
severity, and virulence of the pathogen. The predominant
bacterial pathogens affecting poultry are Escherichia coli,
Campylobacter jejuni, Clostridium perfringens, Mycoplasma,
and Salmonella spp. In contrast, Erysipelothrix rhusiopathiae,
Gallibacterium  anatis, Pasteurella multocida, Riemerella
anatipestifer, Avibacterium paragallinarum, Ornitobacterium
rhinotracheale, and Bordetella avium are infrequently detected
(59, 60). The most devastating bacteria in terms of yield in
the poultry industry belong to the genus, Salmonella, and
include the species, S. enterica and S. bongori, that easily infect
the newly hatched chicks and cause a decline in growth, egg
production, and hatchability in chickens (61). To counter
salmonellosis, prophylactic measures, such as antibiotics,
vaccination, and disease management, are insufficient in
poultry flock surveillance (62). Accordingly, the importance
of resistant-chickens has increased, and the development
of disease-resistant traits through genetic improvement
has become more significant. Chicken MHC I, MHC I,
Nramp-1, heterophils, IFN vy, and interleukins are involved in
Salmonella-specific antibody responses and lead to resistance
to salmonellosis (63). In a previous study, heterophils from
chicken resistant to S. enteritidis had a higher level of cytokine
mRNA than heterophils isolated from susceptible chickens
(64). The mRNA level of interleukins and IFN vy increased
in resistant chicks relative to that in chickens susceptible
to salmonellosis (65). IFN y plays a significant role in the
eradication of Salmonella carriers and persistence state (66).
The genes, Nramp-1 and Nramp-2, are the macrophage proteins
expressed in heterophils and leukocytes that facilitate S.
enteritidis phagocytosis in resistant chicks (67). Other genes,
such as transforming growth factor B4 (TGFB4) and Sall, are
involved in controlling Salmonella and other bacterial loads in
the spleen, and have been linked to increasing genetic resistance
against S. enteritidis (68). In a recent study, Beijing-You and
Cobb chicks were orally challenged with S. typhimurium,
which revealed robust responses of natural killer-cell-mediated-
cytotoxicity, phagosomes, cytokines, MHC, and antibody
production in Beijing-You chicken, ultimately indicating the
greater resistance of Beijing-You breed to S. typhimurium (69).
The chicken RIP2 pathway plays a significant role in resistance
against avian pathogenic E. coli infection. E. coli infection
promotes RIP2 expression and inhibits cell viability, whereas
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knockdown of RIP2 restores cell viability and represses the
apoptosis of chicken HD11 cells. Nuclear factor I B increases
the expression of RIP2, reduces cell viability, and accelerates E.
coli-induced apoptosis, confirming that RIP2 supported E. coli
proliferation in chicken cells (70). Mycoplasma gallisepticum
infects the lungs of chickens and causes chronic respiratory
disease. Glycyrrhizic acid is a herb that has anti-inflammatory,
anti-microbial, and antioxidant activities and inhibits M.
gallisepticum infection by suppressing the expression of matrix
metalloproteinases through the JNK (c-Jun N-terminal kinase)
and p38 pathways and inhibiting the expression of virulence
genes of M. gallisepticum (71). Campylobacter jejuni infections
are prevalent in poultry and colonize the intestine of birds. The
bird’s response to C. jejuni is similar to Salmonella infection, and
high expression levels of cytokines, T and B cells, and antibodies
are detected in C. jejuni-resistant birds relative to susceptible
birds (72), except quantitative trait loci localization, which is
located in different chromosomes (73). Breeder selection of
traits that correlate with enhanced resistance against pathogens
is highly desirable, and can be determined via extensive
immunogenetics research. Therefore, screening host genome
for disease-resistance genes and pathways in chickens can pave
the way for the development of immunocompetent chickens.

Genetic resilience and protozoans

The next important etiological agents that cause infectious
diseases in chicken are protozoal parasites, including Eimeria
tenella, Ascaridia galli, and Histomonas meleagridis. The
protozoan, H. meleagridis, causes blackhead disease or
histomoniasis (74); E. tenella causes coccidiosis in chickens (75);
and A. galli infects chickens and turkeys and causes stunted
growth and enteritis (76). Pathogen-specific immune responses
occur against parasitic infections in chicken. For instance, the
myeloid leukemia factor 2 gene help in resistance to Eimeria
(77), and the IFNG gene is associated with Ascaridia resistance
in poultry (78). Moreover, the MHC haplotypes protect the
jungle fowl from coccidian (79) and chicken lines from Ascaridia
infections (80). Other genes, such as TGFp 2-TGFp 4, Caspase-
1, inhibitor of apoptosis proteinl, prosaposin, inducible nitric
oxide production, IL-2, immunoglobulin light chain, and tumor
necrosis factor-related apoptosis-inducing ligand, have been
relatively less explored in protozoan resistance, but can improve
the disease resistance traits in poultry.

Yang et al. (81) discovered that butyrate, forskolin, and
lactose compounds synergistically increase the expression of
multiple host defense peptides, improve the survival of chickens,
and reduce the colonization of Eimeria maxima and Clostridium
perfringens. A list of candidate genes in poultry that exhibit
important functional activities in animals, but have not been
explored for disease resistance in chickens, is provided in
Table 1.
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TABLE 1 The key genes are involved in the infectious diseases of chickens.
Gene Gene Gene name Access Study Function Location  Reference
ID symbol code type
396241 TF Tmnsferrin NM_205304.2 In vitro Iron-binding glycoprotein chromosome: (7, 82
and involved in 9
anti-microbial activities,
against Marek’s disease
416928 IGLLI Immunoglobulin NM_001278545.1  In vivo Antibacterial properties chromosome: ~ (83)
lambda-like against Streptococcus mutans 15
polypeptide 1
100543636 LOC100543636 Ovoinhibitor XM_010719004.3  In vitro Antibacterial activities during chromosome: (7, 84)
embryo developments 15
424533 VTIG2 Vitellogenin 2 NM_001031276.2  Invivo Transfer of nutrients for chromosome: (7, 85)
developing embryo and 8
reduce intestinal oxidative
stress
418974 VMO1 Vitelline membrane NM_001167761.2  Invivo Diagnostic marker of ovarian chromosome:  (86)
outer layer 1 cancer in hen 1
395364 PIT54 PIT54 protein NM_207180.2 In vivo Hemoglobin-binding protein chromosome: ~ (87)
of plasma in chicken which 31
has antioxidant activity
420897 OVALY Ovalbumin-related NM_001031001.1  In vitro Ovalbumin has antioxidant chromosome: (88, 89)
protein Y and and radical scavenging 2
In vivo activities
396393 EX-FABP Extracellular fatty NM_205422.2 In vitro Function as an antibacterial chromosome: ~ (90)
acid-binding protein siderophore binding lipocalin 17
395722 CLU Clusterin NM_001396177.1  Invivo Serve as a marker for chromosome: ~ (91)
follicular atresia and involve 3
in developmental phases of
follicles
396384 IRFI1 Interferon NM_205415.2 In vitro Inhibits the replication of chromosome: ~ (92)
regulatory factor 1 avian influenza virus and 13
Newcastle disease virus
769014 TLR2 Toll like receptor 2 NM_001161650.3  In vivo Immunity and resistance to chromosome: ~ (93)
bacterial infection 4
395764 CASP1 Caspase 1 XM_015295935.4  Invitro Involved in apoptosis, chromosome: ~ (94-96)
and necrosis, mitophagy, and 19
In vivo autophagy
418300 ZYX Zyxin NM_001004386.2  In vivo Zyxin is a candidate gene chromosome: ~ (97)
potentially associated with 1
increased resistance to
experimental avian
coccidiosis.
396260 AVD Avidin NM_205320.2 In vitro Antimicrobial activity chromosome: (98, 99)
V4
418812 ACODI Aconitate NM_001030821.2  Invivo Antimicrobial activity chromosome: ~ (100)
decarboxylase 1 1
(Continued)
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TABLE 1 (Continued)
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Gene Gene Gene name Access Study Function Location  Reference
ID symbol code type
374125 LITAF Lipopolysaccharide NM_204267.2 In vitro Initiates the activation of chromosome: ~ (101)
induced TNF factor and caspases and kinase protein 14
In vivo signaling of the cell death
pathway and has
antimicrobial activity
395283 TRAIL- TNF-related XM_015278184.4  Invitro It declines the autoimmune chromosome: ~ (102)
LIKE apoptosis inducing and response by suppressing cell 4
ligand-like In vivo cycle progression.
420963 PTPN3 Protein tyrosine XM_419047.8 In vivo Involved in immune chromosome: ~ (103)
phosphatase, suppression disease. 2
non-receptor type 3
378897 THY1 Thy-1 cell surface NM_204381.3 In vitro Involved in chicken Marek chromosome: ~ (104)
antigen disease. 24
768688 SMOCI SPARC related XM_015287582.4  Invivo Enhanced endothelial cell chromosome: ~ (105)
modular calcium proliferation and 5
binding 1 angiogenesis.
422993 LOC422993 Interferon-induced NM_001350059.2  In vivo Highly expressed in response chromosome: ~ (106)
transmembrane to avian Tembusu virus 5

protein 3-like

infection

SNP-dependent resistance and
susceptibility in chickens

SNP is the nucleotide sequence variation that occurs
at a single position in DNA fragments and is extensively
used as a molecular marker in genetic studies. The roles
of SNPs are largely associated with production traits in
chicken. SNPs have been detected in follicle-stimulating
hormone, prolactin receptor, dopamine receptor 2, low-
density lipoprotein receptor-related protein, and luteinizing
hormone receptors, with characteristic changes in duck and
chicken (107, 108). For instance, the follicle-stimulating
hormone regulates reproductive activities in birds, and
the SNP detected in the follicle-stimulating hormone is
linked to the reproductive traits of chickens (109). Two key
SNPs, A227G and C320T, were identified in the Muscovy
duck follicle-stimulating hormone gene that improve egg
production traits (110). Ye et al. (111) revealed two SNPs
in the insulin-like growth factor 2 gene and 11 SNPs in
dopamine receptor 2 that are linked with egg-laying traits
(111). In a recent study, the polymorphism of the DMA
gene, a member of the non-classical MHC class II gene, was
associated with disease resistance traits in broiler chickens.

Four SNPs linked to seven haplotype formations were found,
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with haplotypes 1 and 5 associated with high immunoglobulin
yolk concentration and ND antibody level, respectively
(112). The SNPs detected in the carboxypeptidase Q and
leucine-rich repeat transmembrane neuronal 4 gene regions
resulted in a decrease in pulmonary hypertension syndrome
and greater innate ascites resistance in chicken offspring
(113). Mountford et al. (2) correlated SNPs with resistance
and susceptibility to MDYV, infectious bursal disease virus,
avian influenza virus, and infectious bronchitis virus. These
researchers detected 10 SNPs that were involved in the
resistance to MDV and 8 SNPs associated with the susceptibility
to infectious bursal disease virus. Recently, ILIORP SNP resulted
in an R318K amino acid substitution that was involved in
the enhanced regulation of the type IIT interferon pathway
that reduced bursal damage in infectious bursal disease
virus-infected birds (114). A previous study revealed the
same SNP involvement in increased susceptibility to MDV
(115). Thus, IFN response can vary for viruses owing to viral
mutagenicity and strain diversity. As a result, viruses can
block the IFN responses. Nramp-1, Sal-1, and Tnc are the
genes involved in resistance to Mpycobacterium, Salmonella,
(116).
polymorphism is correlated with susceptibility to salmonellosis.

and Leishmania infections In chicken, Nramp-1
Frequent sequence variations were detected in this gene that

conferred resistance differences in chicken (4, 117). MyD88
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polymorphism is associated with S. pullorum susceptibility
in chickens and has a favorable effect on vulnerability to S.
pullorum infection (118). These recently identified SNPs are
associated with disease-resistance genotypes that can help in
the identification of new genes and their roles in eradicating
infectious diseases.

Non-coding RNA resistance in
chicken

Non-coding RNAs are biological molecules involved in
epigenetic regulation and disease resistance (119). There are
different classes of non-coding RNAs, such as circular RNAs,
small interfering RNAs, long non-coding RNAs (LncRNAs),
microRNAs, and transfer RNAs, that play important roles in
avian immunity and cell development. Among these classes
of RNAs, LncRNAs, circular RNAs, and microRNAs are called
regulatory RNAs that mediate gene expression in different
hosts (120). LncRNAs are longer than 200 nucleotides and are
known as signaling molecules that interact with mRNA, miRNA,
DNA, and proteins, thereby regulating various processes, such
as apoptosis, tumor cell invasion, RNA transcription, and
host resistance to pathogen infection (121, 122). Based on
recent studies, IncRNAs regulate vitamins A and D during
bacterial and fungal infections and activate immune responses
during chicken leukemia virus infection (123). Specialized
IncRNAs that reduce the production of inflammatory cytokines,
such as IL-6, IL-8, and TNF-a, were identified in response
to E. tenella infection in chickens (124). An important ERL
IncRNA acts as an antisense transcript of MDV carcinogen,
is expressed during the lytic and lysogenic phases of viral
infection, and inhibits the expression of MDV miRNAs (125,
126). The IncRNA, GLAMD?3, cis-regulates the gga-miR-223
expression that targets IGFIR (insulin-like growth factor 1
receptor), which regulates Mareks disease lymphoma (127).
Another important IncRNA, linc-stabl, regulates the Marek’s
disease resistance gene, SATBI, which is also involved in
cell-mediated immunity for termination of MDV-infected
cells (128).

Several studies revealed the roles of circRNAs in avian
leukosis virus infection. Furthermore, differentially-expressed
circRNAs were detected in infected organs. circRNAs are
involved in T and B-cell activation (129), and Jak-STAT pathway
regulation (130). In contrast to IncRNAs and circRNAs, the
expression profile and functional mechanism of miRNAs are
well-characterized in disease resistance in chickens. In fact,
differentially expressed miRNAs have a significant effect on
oncogenicity (131); the regulation of MAPK, JaK/STAT, and
Wnt pathways (132); and suppression of chronic myeloid
leukemia caused by avian leukosis virus in chicken (133). In
conclusion, non-coding RNAs regulate disease resistance traits,
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interact with host and pathogen genes, and help to control
infectious diseases.

Modern technology and
development of disease-resistant
chicken

Gene-editing techniques, such as zinc-finger nucleases
(ZFNs),
(TALENS), pronuclear injection, sperm-mediated gene transfer,

transcription  activator-like effector nucleases

somatic cell nuclear transfer, recombinases, transposons,
viral vectors, and CRISPR/Cas9 systems, are novel molecular
tools that are efficiently used in mice, cattle, sheep, and goat.
For instance, transgenic mice, rabbits, pigs, and sheep were
engineered by microinjection of the target DNA into the
fertilized embryo (134, 135); lentiviral vectors and embryonic
stem cells were used to produce germline transgenic birds
(136, 137); and successful knock-out in chickens were achieved
by homologous recombination in primordial germ cells (138).
In zinc-finger nucleases and transcription activator-like effector
nucleases techniques, the proteins bind to the target DNA
sequence for modification, whereas the CRISPR requires a
guide RNA to recognize the target DNA fragments. Further,
the endonuclease enzyme performs a target-specific cut (139).
Since the introduction of the CRISPR/Cas9 system in genome
editing, substantial progress has been made in the use of
the CRISPR/Cas9 technology in chickens. A CRISPR/Cas9-
mediated chicken was engineered in 2015 (139) and ovomucoid
gene-targeted chickens and knocked-in of human interferon
beta into the chicken ovalbumin gene were edited successfully
(140, 141). The emerging viral strains of avian leukosis and
MDV are highly pathogenic. Further, existing vaccines and
antiviral drugs are becoming less effective. Thus, novel antiviral
strategies are needed. For instance, through CRISPR/Cas9,
the avian leukosis virus subgroup ] receptor sodium/hydrogen
exchanger type 1 is mutated, which protects the chicken line
from avian leukosis virus subgroup J. Subgroup ] prototype
strain replication is also impaired in mutated birds (142).
Resistance was found to develop in chicken cells against avian
leukosis virus subgroup J by creating tryptophan mutations
at position 38 (143). In another study, genetic resistance to
avian leukosis virus subgroups A, C, J was induced by creating
frame-shift mutations in tva (tumor virus locus A gene), tvc,
and tvj genes (144). Koslové et al. (143) and Hellmich et al. (144)
produced ALV-J-resistant chicken lines via precise gene editing
of chicken sodium/hydrogen exchanger 1. A recent study
revealed that transgenic chickens constitutively express Cas9
and guide RNAs specific to the immediate early infected-cell
polypeptide-4 (gICP4) of MDV upon challenge with MDYV, and
exhibit reduced replication compared to wild-type chickens
(145). These examples highlight the use of the CRISPR/Cas9
system to edit genes of interest and engineer chicken flocks that
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exhibit resistance characteristics to viral infection (146). Lately,
CRISPR/Cas9 has been used to develop transgenic animals.
Accordingly, transgenic animals are generated via the targeted
placement of Streptococcus pyogenes Cas9 at the ROSA26
locus and endogenous pseudo attP site in pigs and chickens,
respectively. Transgenic chickens and pigs constitutively express
Cas9. Cas9 was confirmed in pigs and chicken for different target
genes in many cell types with the S. pyogenes Cas9 platform
for in vitro and in vivo genome editing in livestock species
(147). Similarly, different computational and bioinformatics
approaches can be used to design synthetic RNA duplexes that
would target the mRNA sites of viral, bacterial, and protozoal
pathogens. For example, synthetic RNA duplexes that target
specific domains of viral genes can inhibit viral replication
(148). Techniques, such as RNA interference technology, have
strong applications in the development of transgenic poultry
that is resistant to microbial infections. RNA interference is
the method of choice, where RNA molecules inhibit gene
expression by targeting specific mRNA. Similarly, a lentiviral
vector containing influenza-specific RNA hairpin rendered
the cells refractory to viral infection and inhibited influenza
virus replication in mice (149). These results provide evidence
and scope for the development of pathogen-resistant poultry
flocks via the transgenic expression of gene-specific RNA. In
an earlier study, a recombinant plasmid with synthetic RNA
duplex gene was constructed and transferred into Madin-Darby
Canine Kidney cells. The study revealed that the transfected
cell lines were resistant to the avian influenza virus (150). This
landmark experiment provided the breakthrough for transgenic
chicken development and resistance to influenza virus. RNA-
Sequencing is another advanced technique that reveals the
poultry genome responses to different stresses and diseases. The
development of a disease-resistant chick through traditional
breeding is a difficult and labor-intensive task, while the use of
gene-editing technology and production traits is time-saving
and profitable (151). With the development of next-generation
sequencing technology, interest in whole-genome sequencing
as an alternative to SNP chips for genotyping has increased as
it allows the capture of a wide range of variations. For instance,
a genome-wide association study and quantitative trait loci
mapping identified candidate genes for egg production in ducks
(152). These tools would help in the editing of the chicken
genome and fulfill the dire need for disease-resistance breeds
in poultry.

Applications of chicken-genomics in
biomedical research

Chickens are widely used in developmental research
owing to their easy rearing, fecundity, growth rates, and
genetic variations, thereby advancing the field of biomedical
research. The chicken model has been used to evaluate cancer
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metastasis, test chemotherapy agents, tissue morphogenesis,
and angiogenesis, and perform toxicology studies. The egg
is an important source of protein and contains phosvitin,
which protects against oxidative stress-induced DNA damage
in human leukocytes (153), and ovotransferrin, which is used
as growth inhibitor for cancer cell lines (154). Avian-derived
cell lines are used for viral culture and are helpful in vaccine
and recombinant protein production (155). Chicken has also
been used as a xenotransplantation model for human stem
cells (156), human multiple myeloma xenograft (157), and the
production of human antibodies (158). The Omni Chicken by
Ligand Pharmaceuticals Inc. is a worldwide unique platform
used to produce human monoclonal antibodies from chickens
(159). Oishi et al. (141) integrated human interferon beta (hIFN-
B) into the chicken ovalbumin locus and produced hIFN-f in egg
white. Notably, antibodies produced from humanized chickens
and antibodies produced in chicken eggs represent significant
industrial applications. Accordingly, chicken is an attractive
developmental model for biomedical research.

Conclusion

This review summarized the disease-resistance genes in
poultry and provided an outlook of advanced technologies that
can be used to engineer disease-resistance characteristics in
poultry. The poultry industry is one of the fastest growing
sectors of livestock for meat and egg production; however, this
industry is threatened by different pathogens, which lead to
substantial economic losses. Vaccination, antibiotics, culling,
and disease management techniques are frequently employed in
flocks to control disease outbreak; however, the success rate is
nominal. Genetic resistance is a promising alternative method
to augment prophylactic measures. Genetic resistance can be
acquired through genetic breeding and genetic modification.
Breeding chickens with disease-resistant strains can increase
flock resistance; however, the genome modification process
can underpin a characteristic of interest and assimilate into
offspring to improve immune responses. Currently, genome
editing technologies are driving desirable phenotypic traits, as
genetic modifications are meeting enhanced production goals in
the poultry industry, and engineering elite chicken for breeders.
Further studies are required to effectively determine the roles of
candidate genes in generating an ideal disease-resistant chicken.

Future prospective

Next-generation sequencing of chicken-genome and
pathogens helps in the understanding of host-pathogen
interactions, natural variations, and the discovery of new
QTLs that may be associated with disease-resistance and
susceptibility traits in poultry. The use of lentiviral vectors is

very efficient for gene delivery in animals and poultry compared
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to homologous recombination of embryonic and somatic cells.
Other alternatives for embryonic stem cells include RNAi and
ZFNs technologies, which may be used for gene targeting and
disruption in animals. The amplified genomic information of
poultry and the advent of more sophisticated transgenic tools
would result in resistance against pathogens. By investigating the
genomics of chickens, new genes with divergent characteristics
may lead to enhanced chicken yield. The use of other bird
species with similar and unique characteristics will also advance
avian research.
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